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The densities, viscosities, ionic conductivities, and surface tensions of 1-(1-butyl)-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide, 1-butyltrimethylammonium bis(trifluoro-
methylsulfonyl)imide, 1-(1-butyl)-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide, 1-
(1-butyl)pyridinium bis(trifluoromethylsulfonyl)imide, and 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide room temperature ionic liquids were measured as a function of 
temperature.  The surface tension of tri-(1-butyl)methylammonium bis(trifluoromethylsulfonyl)-
imide was also reported.  All of the liquids studied obey the fractional Walden rule and fall only 
slightly below the ideal line, indicating that they possess high ionicity.  Diffusion coefficients of 
tris(2,2’-bipyridyl)ruthenium(II) were measured in the six ionic liquids.  The hydrodynamic 
radius of tris(2,2’-bipyridyl)ruthenium(II) was estimated from the Stokes-Einstein equation and 
was found to be remarkably close to the crystallographic radius of this species when the constant 
was taken as 6.  
The heterogeneous kinetics and mass transport of ferrocene/ferrocenium were 
investigated in the same ionic liquids.  Electrochemical impedance spectroscopy measurements 
indicate that the Fc/Fc
+
 reaction was electrochemically reversible at freshly activated platinum 
and glassy carbon electrodes.  Previous reports of quasireversibility may be due to the formation 
of an electrode surface film or uncompensated solution resistance.  Diffusion coefficients of Fc 
and Fc
+
 scaled linearly with the inverse absolute viscosity in these ionic liquids in accordance 
iii 
 
with the Stokes-Einstein equation.  The Stokes radii of the diffusing species can be calculated by 
the judicious choice of the constant.  
The electrochemistry and electronic absorption spectroscopy of europium, samarium, and 
ytterbium were investigated in the 1-(1-butyl)-trimethylammonium bis(trifluoromethylsulfonyl)-
imide and 1-butyl-3-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide and in these solvents 
containing the neutral tridentate ligand N,N,N’,N’-tetra(n-octyl)diglycolamide (TODGA) and 
chloride.  Electronic absorption spectroscopy suggested that the Ln
3+





, p ≥ 3 in the neat ILs.  In agreement with previous results, 
the quasireversible Ln
3+/2+ 
couples of all three elements were accessible in these ILs, but Sm
2+
 
was only stable on the voltammetric timescale.  The addition of TODGA to [Ln(Tf2N)p]
(p-3)- 




, but only a only 2:1 complex with the 
smaller Yb
3+
 ion.  Depending on the temperature, the addition of Cl
- 
to solutions induced the 








 > 3 
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1.1 Room temperature ionic liquids 
 
1.1.1 A brief history of room temperature ionic liquids 
Room temperature ionic liquids (RTILs), formerly called room temperature molten salts, 
consist entirely of cations and anions with a melting point below 100 ºC.  Ethylammonium 
nitrate ([C2H5NH3]NO3) was the first room temperature molten salt and was reported by Walden
1
 
in 1914.  He synthesized [C2H5NH3]NO3 by the reaction of ethylamine with concentrated nitric 
acid and measured its physical properties.  [C2H5NH3]NO3 has a melting point of 12 ºC, but 
usually contains an appreciable amount of water, which is very hard to remove.  Later, the 
pyridinium analogue was reported,
2
 in which the ethylammonium cation was replaced by 
pyridinium.  In the early 1950s, Hurley and Weir
3
 introduced haloaluminate-based room 
temperature ionic liquids, which were prepared by mixing 1-ethylpyridinium bromide with 66.7 
mole per cent (m/o) aluminum chloride.  However, this haloaluminate-based ionic liquid was not 
used for extensive studies until the late 1970s.  The Osteryoung 
4, 5
 and Hussey groups 
6-8
 did 
extensive investigations about aluminum chloride with the corresponding quaternary ammonium 
halide salt as the cation, commonly the alkylpyridinium or dialkylimidazolium cations.  These 





Unfortunately, the haloaluminate-based RTILs have several drawbacks.  The principal 
one is that they react readily with atmospheric moisture to produce aluminum oxide halide 
complexes HCl, and other protonic impurities.
10
  Therefore, the preparation and utilization of 
these solvents requires an inert-gas atmosphere or sealed cells.  Special precautions are also 
needed to purify these solvents for subsequent applications.  These problems have led to the 
development of air- and water-stable types of RTILs, which were first reported in the early 1990s.  
These new kinds of RTILs are considered to be “second generation” ionic liquids.
9
  Comparing 
the first and the second generation ionic liquids, the main difference is mainly just anions.  Air- 
and water-stable anions such as tetrafluoroborate or hexafluorophosphate
11, 12 
have replaced the 
haloaluminate anions.  The first examples of air- and water-stable ionic liquids were 1-ethyl-3-
methylimidazolium tetrafluoroborate and 1-ethyl-3-methylimidazolium hexafluorophosphate, 
which were introduced by Wilkes and Zaworotko.
11
  These new ionic liquids are air and water 
stable, and they can be prepared and safely stored outside of an inert-gas atmosphere.  However, 
after exposure to moist air, these ionic liquids still absorb considerable moisture, which changes 
their physical and chemical properties.
10
  Therefore, ionic liquids based on more hydrophobic 






 have been 
developed within last few years.  Furthermore, more electrochemically robust ionic liquids based 
on different cations have been synthesized.  The common cations and anions that have been used 






































































1.1.2 Properties of room temperature ionic liquids 
 
i) Density 
Density, ρ, is the most frequently reported physicochemical property for ionic liquids 
because it provides a gateway to the molar volume and other derived properties.  The densities of 




 which are mostly higher than those of 
organic solvents and water.  The densities of ionic liquids strongly depend on the constituent 
cations and anions.  For an imidazolium cation, the density decreases by increasing the length of 
the alkyl chain due to the poor crystal packing in the bulky cation.
16
  However, for most ionic 
liquids, increasing the molecular mass of the anion increases the density.  Furthermore, the 





ii)   Viscosity 
Viscosity is a measurement of the resistance of a fluid to flow under the influence of 
gravity.  This is an important property for electrochemistry because viscosity has a strong effect 
on the rate of mass transport within solutions.  The inverse of viscosity is called fluidity.  There 
are two kinds of viscosity: kinematic viscosity (ν) and absolute viscosity (η). The kinematic 
viscosity can be converted to absolute viscosity by using density data and the following 
expression 
 
                                                                        η = νρ                                                                       [1-1] 
5 
 
Most RTILs are viscous liquids with viscosities in the range of 30-450 cP,
15
 which are 
generally 1-3 orders of magnitude greater than those of conventional organic solvents.
19
  The 
high viscosity of an ionic liquid is related to electrostatic factors, van der Waals interactions, and 
hydrogen bonding.  For instance, increasing the length of the organic cation alkyl chain increases 
viscosity due to an increase van der Waals interactions.
14
  On the other hand, the anions also 
have large effect on the viscosities according to their ability to participate in hydrogen bonding.  
Generally, the ionic liquids with larger anions have higher viscosities because of increasing 
hydrogen bonding strength.  However, this phenomenon cannot be applied to all ionic liquids.  
For example, the larger Tf2N
-
 anion forms less viscous ionic liquids than those prepared with 




, because these small anions form stronger hydrogen bonds with 
cations.
20





 or other diluents.
23
  The viscosities of ionic liquids are also highly 
temperature dependent, a 5 K change of temperature commonly changes the viscosity by 20%.
24
  
However, viscosities are non-linear temperature dependent and better fit to the Vogel-Tamman-
Fulcher (VTF) equation for glass forming liquids,
25
 which is a quasi-empirical extension of the 
Arrhenius equation. 
 
iii)    Conductivity 
Conductivity is a measurement of the ability of a material to pass electric current.  The 
inverse of conductivity is resistivity.  Ionic liquids are often used as solvents to study 
electrochemistry as reported here, so like viscosity, conductivity is also an important property.  
There are two different terms to describe the conductivities of ionic liquids: specific conductance 
6 
 
() and molar conductance ().  Specific conductance is related to the molar conductance by the 
following expression  
 
                                                               Λ  = M/ρ                                                                         [1-2] 
 
where M is the molar weight of the ionic liquid of interest.   
Ionic Liquids consist entirely of ions and include an abundance of charge carriers, so they 
are expected to have high electrical conductance. However, most ionic liquids display an 
electrical conductance similar to that of organic solvents with added electrolytes, and they are 
even lower than water containing dissolved salts.  Ionic liquids have small conductivities because 
of their high viscosities and large ion sizes, which would greatly reduce their mobility.  
Generally, the conductivity is inversely proportional to viscosity, which means an increase in 
viscosity would result in a decrease in conductivity.  The conductivities are also highly 
temperature dependent and are better represented by the Vogel-Tamman-Fulcher (VTF) equation 
than the Arrhenius equation. 
 
iv)     Surface tension 
The surface tension, , of an ionic liquid reflects the cohesive surface energy resulting 
from interactions between anions and cations on the liquid surface.  These interactions can be 
complex, involving long-range Coulomb forces as well as short-range van der Waals and 
hydrogen-bonding forces.  The surface tensions of RTILs are in the range of 33.8 mN m
-1







 which are lower than that of water (72.7 mN m
-1
 at 20 ºC) and a little higher than 
conventional organic solvents.  Surface tension values are not significantly affected by the 
present of water.
27, 28
  Increasing the length of the cation alkyl chain of the RTIL decreases the 
surface tension because of the reduction of hydrogen-bonding forces on the liquid surface.   
However, the surface tension depends only weakly on the cation structure.
29
  The surface tension 
of ionic liquids varies linearly with temperature, and it decreases with increasing temperature 
until reaching zero at the critical temperature. 
 
v)   Electrochemical windows 
The electrochemical window is one of the most important features for a solvent used for 
electrochemical studies, and it is defined by the potential difference between the reduction of the 
organic cation and the oxidation of anion.  Most RTILs have wide electrochemical windows 
above 4 V, which are wider than most aqueous solutions and conventional organic solvents.  The 
size of the window depends on the constituent cations and anions.  For example, imidazolium 
based ionic liquids have slightly narrower window sizes, usually around one volt less, because of 
easy reduction of the imidazolium cation.  When the imidazolium cation is replaced by harder to 







 the electrochemical window becomes much wider.  The anions also 
influence the electrochemical windows.  For instance, Tf2N
-
-based ionic liquids have wider 




anions.  The 
electrochemical windows can be narrowed by adding small amounts of impurities such as 
water.
33
  It is very important to know potential limits for the reduction of cation and the oxidation 
8 
 
of anion, because if the applied potential difference is larger than the electrochemical window, 




-based ionic liquids 
Bis(trifluoromethylsulfonyl)imide has become a very popular anion for synthesizing 
hydrophobic RTILs not only because of its insensitivity to air and water, but also because the 
resulting ionic liquids are more chemically and thermally robust than ionic liquids made with 




.  In fact, Tf2N
-
-based ionic liquids generally have lower 
viscosities, higher electrical conductivities, and extended anodic potential windows compared to 
RTILs based on other anions.
34, 35 
 Some common examples that have been used as solvents for 
electrochemistry and are commercially available world-wide in reasonably good purity are 1-(1-
butyl)-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (BuMeImTf2N), tri-(1-butyl)-
methylammonium bis(trifluoromethylsulfonyl)imide (Bu3MeNTf2N), 1-(1-butyl)trimethyl-
ammonium bis(trifluoromethylsulfonyl)imide (BuMe3NTf2N), 1-(1-butyl)-1-methyl-
pyrrolidinium bis(trifluoromethylsulfonyl)imide (BuMePyroTf2N), 1-butylpyridinium 
bis(trifluoromethylsulfonyl)imide (BuPyTf2N), and 1-ethyl-3-methylimidazolim bis(trifluoro-
methylsulfonyl)imide (EtMeImTf2N).   
The structures of the cations of these common ionic liquids are shown in Fig. 1.3, and the 
structure of the Tf2N
-
 anion is given in Fig. 1.4.  The aliphatic quaternary ammonium salts and 
those derived from pyrrolidine are very resistant to reduction and exhibit large cathodic potential 
windows.  As a result of these favorable properties, they are under consideration for use as 
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batteries, double layer capacitors, photoelectrochemical cells and electrochromic devices, as well 




1.2 Lanthanides in room temperature ionic liquids 
 
1.2.1 Electrochemical behavior of lanthanide ions in RTILs 
The lanthanides contain elements from lanthanum (atomic number = 57) to lutetium 
(atomic number = 71).  In the series of lanthanide elements, the 4f shell is gradually filled, so 
they are defined as 4f elements or 4f block elements with a [Xe]4f
n
 (n = 0 to 14) configuration.  
The 4f electrons are seldom involved in bonding and the sum of first three ionization enthalpies 
are relatively low, so the elements are highly electropositive and +3 is their prime oxidation 
number.  As a class, they have remarkably similar chemical and physical properties.  The 
element yttrium, Y, also has a similar +3 oxidation number and chemical properties similar to the 
lanthanides.  Therefore, the lanthanides and yttrium are commonly called the rare earth elements.  
However, some rare earth elements such as Ce, Eu, and Yb have another extra stable oxidation 
state +4 (Ce) or +2 (Eu, Yb) besides the normal +3 state because these oxidation states result in 
the formation of stable empty, half-filled or filled 4f subshells. 
Studying the reactions of lanthanides in ionic liquids solvents is considered to be green 
chemistry, according to the Twelve Principles of Green Chemistry.
39
  In spite of their limitations, 
ionic liquids have a lot of favorable properties, including low vapor pressure, non-flammability, 
and low-toxicity.  Thus, they can be used to replace organic solvents in liquid extractions during 
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the separation and processing of rare earth elements.
40
  The use of RTILs as solvents for 
separating rare earth elements cannot only save huge energy costs but is also a safer more 
convenient extraction phase than high temperature molten salts.  Among the various classes of 
RTILs, Tf2N
-
-based ionic liquids have wider electrochemical windows and larger electrical 
conductivities, so they may be very useful for investigating lanthanide coordination chemistry, 
electronic absorption and emission spectroscopy, and electrochemistry. 
In many ways, electrochemistry is probably the most useful technique to probe the 
complexation of lanthanide ions because it provides a direct window into the interactions 
between the complexing agents, if present, and the metal ions with the associated potential shifts 
providing thermodynamic information about the free energy of complex formation, Gc.  
However, there are relatively few investigations of the electrochemical behavior of lanthanide 
ions in aprotic media and ionic liquids reported in the literature because of the very negative 
potentials required for the reduction of low-valent lanthanide ions.  As discussed above, Tf2N
-
-
based ionic liquids have extended cathodic potential windows, especially those based on 
tetraalkylammonium cations, e.g., BuMe3NTf2N and BuMePyroTf2N, and they are predicted to 
be effective solvents for studying the electrochemistry of these species.   
For example, the electrochemical behavior of the lanthanide ions (La, Sm and Eu) has 
been studied in [R4X][Tf2N] ionic liquids (where X = N, P and As) by using cyclic 
voltammetry.
41
  Only one cathodic reduction wave was observed for La, whereas two reduction 
waves were observed for Sm and Eu.  However, all of these redox reactions were irreversible 
because no anodic oxidation waves were observed for any of them.  Also, Bhatt and co-
workers
42 






 to the corresponding metallic state in the 
BuMe3NTf2N ionic liquid and reported results similar to those of the previous paper.  The 
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electrochemical behavior of Eu
3+
 was investigated by Rao et al.
43
 in the BuMePyroTf2N ionic 
liquid.  They reported that the Eu
3+/2+ 
reaction was quasireversible or irreversible.  Also, the 
chemical stability of the reduced species, Eu
2+
, was complicated.  Some papers reported that Eu
2+
 
exhibited relatively high stable as found in aqueous solutions,
44, 45
 whereas others reported that 
Eu
2+





 investigated the electrochemical behavior of Sm, Eu, and Yb in 






 to the 
divalent state was reported.  
 
1.2.2 Spectroscopic properties of lanthanide ions in RTILs 
Spectroscopy plays an important role because it provides information about the 
coordination of lanthanide ions in ionic liquid solvents.  The absorption spectra of trivalent 
lanthanide ions are very interesting in their own right.  Typically they consist groups of narrow 
bands, which look like atomic spectra, because the 4f subshell is perfectly shielded from the 






 These observed 
narrow bands are due to the intraconfigurational 4f → 4f transitions, which are much narrower 
than the broad bands found in d-group absorption spectra.  Also, the intensity of a 4f → 4f 




.   
This because these kinds of transitions are forbidden by the Laporte selection rule, which means 
there is no change of parity from the ground state to the excited state.  However, the spectra of 
divalent lanthanide ions are much different from that of trivalent ions.  The spectra of trivalent 
ions exhibit weak and narrow transition lines due to the forbidden intraconfigurational 4f → 4f 
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transitions, whereas the spectra of divalent ions always contain broad intense bands due to the 
allowed interconfigurational 4f → 5d transitions. 
Absorption spectroscopy of lanthanide ions in aqueous solutions have been studied for 
several decades, but very little is known about the spectroscopic properties of these species in 
ionic liquids.  The Gau group
50,  51
 studied the spectroscopy of Eu and Yb in the AlCl3-EtMeImCl 
RTIL.  They reported that the spectra of these lanthanide species were in good agreement with 
data reported in acetonitrile solutio
52
 and in LiCl-KCl.
53
  The first spectroscopic characterization 
of Eu
2+
 salts dissolved in BuMeImPF6 was reported by Billard et al.
54
  The positions of the Eu
2+
 
maxima in BuMeImPF6 presented a strong red shift compared to the maxima of EuCl2 in 
methanol.
55
  Furthermore, the molar absorptivity was approximately one order of magnitude 




 or in methanol.
57
   
The fluorescence or luminescence of certain lanthanide ions, especially Eu, Tb and Nd, is 
an important feature in the spectroscopic behavior as if pertains to commercial applications.  A 
great number of corresponding fluorescent materials have been used in the electronic and optical 
material industry.  The luminescence of Eu
3+
 can be used to probe the local environment, ligand 





 studied the luminescence of Eu
3+
 as a function of water content in Tf2N
-
-based 
hydrophobic ionic liquids.  They reported that Eu
3+
 displayed spectroscopic properties in 
BuMeImTf2N similar to that in organic solvents.
60
  These studies provided opportunities to 




1.2.3 Extraction and separation of lanthanides in RTILs 
Because of the nation’s increasing reliance on nuclear energy, the safe reprocessing of 
SNF, and the subsequent recovery of fission products are receiving increasing public attention.  
A common agreement of this challenging scientific field is that the extraction and separation of 
actinides and lanthanides from SNF is a serious issue.
61
  There are two different technologies 
available for reprocessing of SNF.  One is the well-established aqueous-based PUREX process, 
in which tri-n-butyl phosphate (TBP) is used to extract plutonium and uranium.
62
  Another 
method is based on pyrochemical process,
63
 which means the SNF is dissolved in a molten salt 
medium and recovered by electrochemical methods, especially electrodeposition.  
Solvent extraction is a very useful method for the separation and purification of 
lanthanide ions.  However, it still has two big problems.  First, TBP is not a very useful 
extractant for the mutual separation of lanthanides because of its low selectivity.  Recently, 
Narita et al.
64
 reported that diglycolamides (DGA) exhibited higher distribution ratios for 
lanthanides and actinides in the strong acid range during solvent extraction studies.  The 
hydrophobicity of DGA extractants is controlled by the length of the carbon chains attached to 
the amidic N-atoms.  Among the several DGA derivatives that have been studied, N,N,N’,N’-
tetra(n-octyl)diglycolamide (TODGA) (Fig. 1.5) shows sufficient lipophilicity and has potential 
applications for the recovery of actinides and lanthanides with RTILs.  
Second, liquid-liquid solvent extraction uses the organic solvents, which are usually 
flammable, volatile and toxic.  RTILs, as a new type of green solvent with many favorable 
properties, can be applied to the reprocessing of SNF and to the recovery of minor actinides from 







using TODGA in [Cnmim]Tf2N (n = 2, 4, 6) was inverstigated by the Shimojo group.
61
  They 
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found that TODGA dissolved in ionic liquids provided a high extraction performance for 








 were successfully 






Figure 1.5 Structure of TODGA. 
 
1.2.4 Complexation of lanthanides in Tf2N
-
-based RTILs 
The complexation of lanthanides with Tf2N
-
 anions has been studied in recent years 
because these complexes have been found to be excellent Lewis acid catalysts.
66
  The Tf2N
-
 





, [MePrPyr]2[Yb(Tf2N)4], was reported.
66
  The structure of this complex is 
shown is Fig. 1.6.  From the structure, Yb
2+
 was coordinated by four Tf2N
-
 ions through their 
oxygen atoms, and two cations are used to balance the charge.  Tf2N
-
 ion acts as a bidentate 
ligand, and coordinates with lanthanides through an oxygen atom of each sulfonyl group.  The 
Mudring group
67
 reported the first homoleptic Tf2N
-
















).  In these compounds, Tf2N
-
 anions complexed 
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with lanthanide ions through the oxygen atoms and formed nine coordination number with four 
bidentate Tf2N
-
 anions and one monodentate Tf2N
-





, they obtained [BuMePyro][Ln(Tf2N)4], which exhibited eight coordination by 
oxygen with four bidentate Tf2N
-
 anions.  
 
 
Figure 1.6 Crystal Structure of [MePrPyr]2[Yb(Tf2N)4]. This figure is taken from ref 67. 
 
1.3 Research objectives 
The primary aim of this project is to investigate the electrochemical behavior and 
electronic spectroscopy of lanthanide ions in Tf2N
-
-based RTILs (Figs.1.3, 1.4).  In these studies, 
we will assess the possibilities of using electrochemical methods and electronic absorption 
spectroscopy to determine the coordination of lanthanide ions in the ionic liquids and to probe 
the complexation of these ions by ligands such as chloride ion and TODGA. 
Firstly, in order to meet the goals of this project, we needed to identify Tf2N
-
-based ionic 
liquids with the highest conductivity, lowest viscosity, and largest electrochemical potential 
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windows.  To get this information, we have completed a comprehensive investigation of the 
physical, transport and electrochemical properties of the six Tf2N
-
-based ionic liquids described 
above.  We found that these ionic liquids, especially, those based on tetraalkylammonium cations, 
e. g., BuMe3NTf2N and BuMePyroTf2N, are the most effective solvents for electrochemistry. 
Secondly, the outer-sphere redox system, ferrocenium/ferrocene (Fc
+
/Fc), is considered 
to be a universal redox reference system and provides the reference potential for all 
electrochemical potential data in ionic liquids.  In order to establish the baseline properties of the 
Fc
+
/Fc redox system in the ionic liquids discussed above, we have explored the heterogeneous 
electron transfer characteristics and diffusion of Fc
+
/Fc in the Tf2N
-
-based ionic liquids.  This 
investigation was prompted by numerous conflictive literature reports about the kinetics and 











2.1 Glove box 
Experiments were conducted in a Kewaunee Scientific Equipment Corp. (KSE) glove 




 inert gas purifier.  The latter has 
two columns containing both molecular sieves and copper catalysts for removing water and 
oxygen, respectively.  These columns are regenerated once every two weeks with a mixture of 
nitrogen and hydrogen gases.  All electrochemical experiments as well as the filling and sealing 
the apparatuses used to measure physical properties were carried out in this N2-filled glove box.    
The quality of the glove box atmosphere was monitored with the filament of a 25 W light bulb 
exposed to the glove box atmosphere as described previously.
68
   
 
2.2 Reagents 
1-methylimidazole was purchased from Aldrich (99+%) and distilled from calcium 
hydride.  1-Chloroethane (Aldrich, 99.7%) and 1-chlorobutane (Aldrich, 99+%) were 
usedwithout purification.  Acetonitrile (Aldrich, 99.8%) was distilled from calcium hydride 
before use.  Ethyl Acetate (Aldrich, 99.8%, anhydrous, Sure/Seal) was used without further 
purification.  Pyridine was purchased from Aldrich (99+%) and then distilled from calcium 
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) was purchased from Aldrich 
(99.95%) and used without purification.   
 
2.2.1 Tris(2,2’-bipyridyl)ruthenium(II) hexafluorophosphate 
Tris(2,2’-bipyridyl)ruthenium(II) hexafluorophosphate,  [Ru(bipy)3](PF6)2, was prepared 
as follows.  A solution of NH4PF6 (0.14 g, 0.835 mmol) in 2 mL water was added drop wise to 
Ru(bipy)3Cl2 6H2O (0.25 g, 0.334 mmol) that was dissolved in 5 mL water.  An immediate 
orange precipitate was formed.  The mixture was stirred for 10 min, filtered, washed twice with 
small portions of water, and twice with diethyl ether.  The salt was vacuum dried to yield 0.23 g 
of crude product.  The product was then dissolved in 8 mL acetone, and 16 mL of absolute 
ethanol was added drop wise.  The mixture was cooled to -20 C overnight to produce red-
orange crystals.  These crystals were collected by filtration, washed with diethyl ether, and 
vacuum dried to yield 0.18 g (77%) of the purified product. 
 
2.2.2 Ferrocene and ferrocenium hexafluorophosphate 
Ferrocene (98%) and ferrocenium hexafluorophosphate (purity not specified) were 
purchased from Sigma-Aldrich Chemical Co. (98%).  Ferrocene was readily purified by repeated 
sublimation under vacuum.  However, the commercial ferrocenium hexafluorophosphate 
preparation was found to contain less than 50% of the desired product and required extensive 
purification as follows.  Approximately 3.0 g of this material was dissolved in 30 mL of dry 
CH3CN, which had been previously distilled from CaH2.  This solution was warmed to about 
40 °C to aid dissolution and then filtered to remove insoluble materials.  Tetrahydrofuran (THF) 
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was added slowly until a few crystals began to appear (~150 mL).  The resulting mixture was 
cooled to -20 °C overnight, producing a substantial precipitation of crystalline material.  The 
resulting crystals of ferrocenium hexafluorophosphate were collected by filtration, washed with 
THF, and dried in vacuo to yield 1.5 g (50% yield) of the purified crystalline product.  The 
resulting product did not exhibit long-term stability, particularly when exposed to the air, and 
was used shortly after being prepared. 
 
2.3 Lanthanide metals 
Europium, samarium and ytterbium metals (Alfa AESAR, 99.98%) were used as 
purchased.  Because of the highly reactivity of these lanthanide metals with moisture and oxygen, 
all manipulation of these materials were carried out inside the glove box. 
 
2.4 Ionic liquids 
BuMeImTf2N, BuMe3NTf2N, Bu3MeNTf2N, BuPyTf2N, BuMePyroTf2N, and 
EtMeImTf2N were purchased from Ionic Liquids Technologies, Inc. (iolitech).  As a precaution, 
each commercial ionic liquid was heated to ~ 373 K for 3 days at < 10
-4
 Torr on a vacuum line 
with stirring to remove any residual solvent and water.  In addition, some of these same ionic 
liquids were prepared and purified in house by using standard literature procedures
69
 and dried as 
described.  The final products contained no more than 1 ppm water as determined by using a 
Brinkman 756 Karl-Fischer Coulometer.  There were no statistically significant differences 
between the physicochemical properties of the dried commercial materials and the ionic liquids 
prepared in-house.    
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2.5 Physical and transport property measurements 
Viscosity and conductivity measurements were carried out as described below in a 
thermostatted water bath. The temperature of the bath was controlled to ± 0.05 °C using a Julabo 
PC temperature controller.  The temperature was measured with a NIST-traceable precision 
mercury thermometer.  Density, viscosity, and conductivity measurements were carried out over 
the temperature range 298 to 353 K, whereas the surface tension measurements were carried out 
over the range 303 to 363 K.  
 
2.5.1 Density  
Density was measured as a function of temperature by using an Anton Par DMA 5000 





 and ± 0.001 
o
C.  The densitometer was thoroughly cleaned with dilute aqueous 
NaOH and calibrated as a function of temperature between samples by using ultrapure water 
standards provided by the manufacturer.  To prevent the anhydrous ionic liquids from contacting 
the atmosphere, syringe techniques were used to fill the measuring cell of the densitometer.  
 
2.5.2 Surface tension 
Surface tension was measured by using the pendant drop method with a First Ten 
Angstroms FTA200 instrument with Version 2 drop shape analysis software.  This instrument 
was equipped with a metering pump and an environmental chamber.  The chamber was 
temperature controlled to ±0.1˚C; a slow flow of dry nitrogen was used to maintain an inert 
atmosphere.  The shape of the pendant drop was described with the Laplace-Young equation 
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using a proprietary FTA algorithm that finds the best match of parameters to determine the 
profile over the entire drop periphery.  Once the profile was determined, the Bashforth-Adams 
Integration Tables, in combination with the known densities and calibrated magnification, were 
used by the FTA200 software to solve for the surface tension (mN m
-1
) from each acquired 
image.   
 
2.5.3 Viscosity 
Kinematic viscosity was measured with an air-tight, No. 200 Cannon-Fenske viscometer 
attached to a vertical turntable immersed in a water bath as described by Sanders et al.
70
  The 
viscometer was filled with the desired ionic liquid, sealed gas-tight, and then removed from the 
glove box and degassed on a vacuum line in order to prevent gas bubbles from interfering with 
the efflux times.  The viscometer was attached to a vertical turntable equipped with an automatic 
stop, which allowed for precise, reproducible positioning of the viscometer during each run.  The 
viscometer was calibrated using ethylene glycol by using the viscosity and density data taken 
from Sun and Teja.
71
  Efflux times, which were usually several minutes, were measured three 
times for each sample at each temperature using a digital stopwatch to a precision of ± 0.1 s.  
 
2.5.4 Ionic conductivity 
Ionic conductivity was measured by using a Stanford Research Systems Model SR270 
LCR meter and a fabricated Pyrex glass conductance cell with platinum flag electrodes separated 
by a capillary tube as described previously.
70
  The conductance cell was calibrated with aqueous 





  The measured cell resistances varied slightly over the range of 
frequencies from 100 to 100 kHz at an oscillating potential of  ±0.10 V.  However, the plots of 
cell impedance versus the invese square root of the frequency were linear.  Therefore, the 
impedance of the conductivity cell was obtained by extrapolating the cell resistance to infinite 
frequency.
73
  The precision of this method was found to be almost one order of magnitude better 
than traditional AC impedance spectroscopy techniques, where the frequency dispersion of the 
cell impedance is fitted with a model such as a modified series RC circuit. 
 
2.6 Electrochemical instrumentation 
           Electrochemical experiments were performed with an EG & G Princeton Applied 
Research (PAR) Model 263A potentiostat/galvanostat.  Electrochemical data were recorded on a 
desktop computer using EG&G Princeton Applied Research Model 270 Electrochemical 
Analysis Software.  Positive feedback electronic resistance compensation was employed during 
all experiments.   
For controlled-potential coulometry (CPC) measurements, a coupon of the lanthanide 
metal of interest was used as the working electrode, and a BASi MF-2062 non-aqueous Ag
+
/Ag 
electrode, which contained 0.01 M AgNO3 and 0.1 M Bu4NPF6 dissolved in CH3CN, served as 
the reference electrode.  The counter electrode consisted of a platinum wire spiral immersed in 
the corresponding ionic liquid, but separated from the bulk IL by a porosity E glass frit (ACE 
Glass). 
For electrochemical impedance spectroscopy (EIS) measurements, a PAR frequency 
response detector (FRD 100) was mated to the PAR Model 263A potentiostat/galvanostat.  With 
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the electrochemical cell described below, this system provided useful impedance measurements 
over the linear frequency range from 24 kHz to 100 mHz.  The resulting EIS data were analyzed 
with ZsimpWin Electrochemical Impedance Spectroscopy Analysis Software (PAR Rev. 3.22). 
Two different three-electrode cells were employed, depending on whether the 
measurements were conducted inside or outside the glove box.  For example, cyclic staircase 
voltammetry (CSV) and rotating disk electrode voltammetry (RDEV) experiments inside the 
glove box were carried out in a three-electrode electrochemical cell consisting of a Pyrex cup 
fitted with a Teflon lid that had holes to allow the insertion of the working, reference, and 
counter electrodes and a small thermocouple probe tube.
74
  The working electrode was a Teflon-
sheathed, platinum disk electrode (Pt-RDE) purchased from Pine Instruments Company with a 
geometrical surface area of 0.196 cm
2
.  A Pine Model ASR analytical rotator placed inside the 
glove box provided controlled rotation of this electrode.  The reference electrode was a freshly 
polished silver wire immersed in a 10 mM Ag
+ 
solution in the Bu3MeNTf2N or BuMePyroTf2N 
ionic liquid and placed in a Pyrex tube closed with a fine porosity glass frit.  However, a BASi 
MF-2062 non-aqueous Ag
+
/Ag reference electrode was also used for electrochemical 
experiments of lanthanide ions with excellent results.  The counter electrode was a large surface 
area platinum wire basket placed directly into the bulk solution.  The temperature of the 
electrochemical cell was controlled to within ± 0.5 °C with a small electric furnace and an ACE 
Glass Temperature Controller with a Pt-100A platinum resistance thermometer probe. 
EIS experiments were performed outside the glove box in a Bioanalytical Systems, Inc. 
(BASi) VC-2 voltammetry cell sparged with ultrapure N2.  The working electrodes for EIS 
experiments were miniature BASi glassy carbon (geometrical area = 0.0707 cm
2
) and platinum 
(geometrical area = 0.0201 cm
2





reference electrode was used for these experiments.  The small Pt wire counter electrode 
normally provided with BASi VC-2 cells was replaced with a large surface area cylindrical Pt 
foil. The temperature of the cell was maintained at 30.0 ± 0.05 °C with a precision water bath.    
All working electrodes were carefully polished with 1.0 μm, 0.3 μm, and 0.05 μm 
alumina (Buehler) on a Buehler Metaserv grinder-polisher before their initial use or after long 
periods of storage. As discussed in more detail below, because of electrode surface film 
formation, it was necessary to lightly polish the electrode surface with 0.05-μm alumina between 
experiments to reactivate the surface. 
 
2.7 Electronic absorption spectroscopy 
Electronic absorption spectra were acquired outside the glove box in 10mm or 1mm path 
length fused silica cells fitted with airtight Teflon caps by using a Shimadzu UV-1600 UV-
visible spectrophotometer. 
 
2.8 Electrochemical techniques 
The electrochemical techniques were employed in this investigation including: controlled 
potential coulometry (CPC), cyclic staircase voltammetry (CSV), rotating disk electrode 
voltammetry (RDEV), and electrochemical impedance spectroscopy (EIS).  A brief discussion of 




2.8.1 Controlled potential coulometry 
Controlled potential coulometry (CPC) is performed by applying a suitable applied 
potential, Eapp, to the working electrode, measuring the resulting current as a function of time, 
and calculating the charge that accumulated during the electrolysis.  In the case of lanthanide 
oxidation, the applied potential is a constant potential that is more positive than the rest potential, 
Er, of the metal in the pure solvent.  In CPC experiments, a metal wire coil with a large surface 
area or a coupon was used as the working electrode, so that a sufficient current can pass through 
the system and the desired concentration of metal ions in the solvents can be attained expediently.   
CPC is a technique based on Faraday’s law, and the charge consumed in an electrolysis 
experiment is used to determine the amount of substance electrolyzed.  The oxidation states, n, of 
the dissolved metal species can be calculated from the change in the weight, ∆w, of the metals 
after the passage of a given charge, Qexp, by using Faraday’s law,             
 
                                                        n = MQexp / F∆w                                                                  [2-1] 
 
where M is the molar mass of the metal, and F is the Faraday constant.  
The concentration of the metal ions in the bulk solution, C0
*
, can also be calculated from 
the charge passed through the system during the oxidation process with the following equation 
 
                                                            Co
*




Where Q is the total charge passed, and ρ and w are the density and weight of the solution, 
respectively. 
 
2.8.2 Cyclic staircase voltammetry 
Cyclic staircase voltammetry (CSV) is the most widely used technique for obtaining 
qualitative information about electrochemical reactions in solutions under various conditions. 
CSV is performed by applying a cyclic potential between the working electrode and the 
reference electrode and measuring the resulting current between the working electrode and the 
counter electrode.  During CSV experiments, a working electrode is immersed in a quiescent 
solution, and the potential is scanned from an initial value (Ei) where no electrode reaction 
occurs, to a switching potential (Eλ), where the potential is sufficient to cause the oxidation or 
reduction of an analyte, sometimes both, and then back to the initial potential.  This process is 
carried out at a constant scan rate, ν.  Because the scan rate is a constant, and the initial and 
switching potentials are known, the usual protocol of CSV is to record the current versus the 
applied potential (i-E curves).  
For an ideal, chemically reversible, simple Nernstian system, the i-E curve consists of a 
reduction wave and a corresponding oxidation wave.  The ratio of the peak currents passed at 
reduction (ipc) and oxidation (ipa) is near unity (ipa/ipc = 1) regardless of scan rate.  The absolute 
potential difference between the reduction peak (Epc) and oxidation peak (Epa) is given by: 
 
                        ∆Ep = │Epc – Epa │ = 2.3 
  
  
  = 
  
 
 mV at 298 K                                             [2-3] 
28 
 
In this study, CSV is used to gain information about the electrochemical reactions of 





2.8.3 Rotating disk electrode voltammetry 
Rotating disk electrode voltammetry (RDEV) is a useful technique for the study of mass 
transport and heterogeneous kinetics in electrochemical system.  An important advantage of the 
RDEV technique is that measurements are made under nor-steady-state (i. e., time-independent) 
conditions.
75
  The working electrode commonly consists of a disk of the electrode material such 
as a platinum wire imbedded in a rod of insulating Teflon material.  During RDEV experiments, 
the working electrode is rotated at a constant angular velocity or frequency, ω.  The potential is 
scanned from an initial value to a final value with a sufficiently slow scan rate to get steady-state 
currents at the disk electrode.   
RDEV at a uniformly accessible disk electrode is probably the most reliable method to 
study mass transport in solutions because it is based on a precise mathematical solution to the 
convective mass transport equation.  In addition, when properly executed, this technique is free 
from the complications due to uncompensated solution resistance and double layer charging that 
can affect potential sweep and some potential step techniques.  For a reversible, chemically 
stable system, the voltammogram usually has a sigmoidal curve.  
The steady state limit current, il, can be observed when the electrode process is occurring 
at the maximum rate possible for a given set of mass-transfer conditions.
75
  The diffusion 
coefficient, D, of reduced or oxidized species can be calculated by using the Levich equation 
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                                                         [2-4] 
 
where A is the electrode area (cm
2
),  is the electrode rotation rate (rad s
-1





), and C* represents the bulk concentration of either reduced or oxidized 
species (mol cm
-3
), and all other symbols have their usual meaning. 
 
2.8.4 Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy has been proven to be a very useful technique 
to investigate the electron transfer kinetics of electrochemical reactions under various conditions.  
This technique is attractive because it can be used to probe electrochemical reactions at different 
angular frequencies, , and often permits the unambiguous discrimination of the solution 
resistance, R, charge transfer resistance, Rct, double layer capacitance, Cd, as well as the effects 
of diffusion.  For this reason, EIS is superior to most transient techniques, such as those based on 
potential-step methods or fast scan voltammetry, where it is often difficult to make allowances 
for the effects associated with R and/or Cd.   
EIS is performed by applying an AC voltage at different frequencies to an 
electrochemical cell and measuring the current through that cell, where the AC voltage is usually 
the potential close to the equilibrium potential of an electrochemical reaction.  The frequency-
dependent impedance, Z (), is the ratio between AC voltage and the resulting current.  Z () 
consists of real (Zre) and imaginary (Zim) components, in which Zre = R and Zim = 1/jC, where R 
is the resistance and C is the pseudo capacity.  EIS results are usually presented as a Nyquist plot 
or complex plane impedance plot, in which the imaginary impedance on the Y-axis is plotted 
30 
 
with the real impedance on the X-axis.  In this plot, the Y-axis is negative and each data point is 
the impedance at one frequency.  
Various circuit models can be fitted to the electrochemical impedance data; however, the 
Randles equivalent circuit model with a Warburg impedance (W)
76
 is the most frequently used 
model for an uncomplicated electrode reaction, as shown in the inset of Fig. 2.1.  After using a 
Randles equivalent circuit model to fit the experimental data, the complex plane impedance plot 
usually consists of a semicircle with a coupled 45 º straight line or Warburg line, as shown in Fig. 
2.1.  A semicircle in the high frequency region is consistent with Rct in parallel with Cd.  The 
Warburg line in the low frequency region is associated with diffusion.  The high frequency 
intercept of this plot on the Zre axis is RΩ.  
To measure heterogeneous kinetics by EIS, the bulk concentration of the oxidized and 




, so that Eeq = E
0
’.  The resulting value of Rct can 
be used to directly estimate the heterogeneous rate constant, k
0
, for the reaction of interest by 
using the following equation 
 




      
      
  
     








, the equation can be simplified to 
 




         




























Figure 2.1 Complex plane impedance plot for Randles equivalent circuit model. Inset: Randles 




 PHYSICAL AND TRANSPORT PROPERTIES OF 
BIS(TRIFLUOROMETHYLSULFONYL)IMIDE-BASED ROOM-TEMPERATURE IONIC 




The densities, viscosities, ionic conductivities, and surface tensions of BuMeImTf2N, 
BuMe3NTf2N, BuMePyroTf2N, BuPyTf2N, EtMeImTf2N, and Bu3MeNTf2N were measured as a 
function of temperature over the range from 298 to 353 K.  Linear equations were fitted to the 
experimental density and surface tension data, and the Vogel-Tammann-Fulcher (VTF) equation 
for glass-forming liquids was fitted to the experimental viscosity and conductivity data. The 
surface energies, surface entropies, and critical temperatures were estimated from the 
temperature dependence of the surface tension data.  All of the liquids studied obey the fractional 
Walden rule and fall only slightly below the idea line, indicating that they are “good” ionic 
liquids.  In each case, the viscosity shows only modest decoupling from the conductivity as the 
temperature is increased.  Diffusion coefficients for the oxidation of tris(2,2’-bipyridyl)-
ruthenium(II) were measured in the six ionic liquids as a function of temperature with RDE 
voltammetry.  The Stokes-Einstein products were found to be independent of the ionic liquid 
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and temperature.  The hydrodynamic radius of tris(2,2’-bipyridyl)ruthenium(II) was estimated 
from the Stokes-Einstein products and was found to be remarkably close to the crystallographic 
radius of this species. 
 
3.2 Introduction 
The electrical conductivities and viscosities of these hydrophobic room temperature ionic 
liquids are largely dictated by the Columbic interactions between the anions and cations that 
result in ion pair or neutral aggregate formation.  For example, Watanabe and coworkers
77
 
investigated the ion-ion interactions in a number of these ionic liquids by combining traditional 
electrochemical impedance methods with pulse-field-gradient spin-echo NMR techniques.  They 
determined the equivalent conductivity ratio, imp/NMR, where imp is derived from impedance 
measurements and NMR is calculated from the Nernst-Einstein equation by using the self-
diffusion coefficients of the anions and cations obtained from NMR experiments.  The deviation 
of imp/NMR from unity was used as a measure of the extent of aggregation in these ionic liquids 




Considering the results of Watanabe and coworkers,
77
 we sought to determine how 
closely the ionic liquids listed above adhere to the ideal line of the Walden rule and whether they 
can be classed as ionic liquids with high ionicity.  We also used the fractional Walden rule
78
 to 
determine whether the viscosities and conductivities of these ionic liquids are strongly coupled at 
elevated temperatures.  In addition, we sought to determine if the classical Eötvös equation could 
be used to estimate the critical temperatures of these ionic liquids.
79
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We have also the assessed the applicability of the Stokes-Einstein equation to the mass 
transport of a kinetically-facile electrochemical probe solute, tris(2,2’-bipyridyl)ruthenium(II) or 
[Ru(bipy)3]
2+
, in these ionic liquids to determine if the hydrodynamic radius of this species 
depends on the viscosity, temperature, or cationic structure of these ionic liquids.  This 
ruthenium(II) complex is of particular interest because it can be electrochemically induced to 
produce chemiluminescence in ionic liquids,
80, 81 
and it may have technological applications for 
the photodecomposition of water in devices based on ionic liquids  
Although there are several compilations of the physical and transport properties of these 
particular ionic liquids, these data show considerable variability among the reporting research 
groups.
38
  Thus, by necessity, we have carefully measured the temperature-dependent densities, 
viscosities, ionic conductivities, and surface tensions of these ionic liquids.  Also included in the 
analyses presented herein are physicochemical data for Bu3MeNTf2N, which were obtained in a 




3.3 Results and Discussion 
 
3.3.1 Density 
Density is the most frequently reported physicochemical property for ionic liquids 
because it provides a gateway to the molar volume and other derived properties.  A comparison 
of the experimental densities of the five ionic liquids is shown in Fig. 3.1.  The data for each 
ionic liquid includes data points from three independent measurements.  The density of each 
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ionic liquid was found to vary linearly with the absolute temperature, T, according to the 
equation below: 
  
                                                               ρ = a + bT                                                         [3-1]  
 
Equation 3-1 was fitted to the data using the linear regression feature of SigmaPlot software (V. 
8.0.2).  Table 3.1 shows the fitted values of a and b for each ionic liquid that resulted as well as 
statistical information about the quality of the regression results.  The solid lines in this figure 
were calculated from Eq. 3-1 and the fitted parameters in Table 3.1.  The squares of the 
correlation coefficients that resulted from the fit of Eq. 3-1 to the density data are all greater than 
0.99, indicating that Eq. 3-1 provides an excellent representation of the experimental data.   
Table 3.2 shows a comparison of the experimental density values from this study at 298 
K with some of the many values given in the literature.  Data for Bu3MeNTf2N that were 
measured in a previous study are shown for comparison.
82
  The data in this table emphasize the 
difficulty of deciding which of the many reported values accurately represents the density and 
transport properties of these ionic liquids.  In fact, in several instances, research groups have 
presented different values of the physicochemical properties of a given ionic liquid in successive 
articles.   
 
3.3.2 Viscosity 
Kinematic viscosity data, ν, were obtained for the five ionic liquids as described above 























Figure 3.1 Density data as a function of temperature for BuMeImTf2N (○), Bu3MeNTf2N (---)
82
, 
BuMe3NTf2N (□), BuMePyroTf2N (■), BuPyTf2N
 
(Δ), and EtMeImTf2N (▲). The solid lines 










Table 3.1 Fitted parameters for density,  (g cm
-3
), from Eq. 3-1. 
 
 
BuMeImTf2N BuMe3NTf2N BuMePyroTf2N BuPyTf2N EtMeImTf2N 
a 1.7180 1.6523 1.6547 1.7234 1.8145 
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Table 3.2 Comparison of the physicochemical properties resulting from this investigation with 
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1-1.  Arrhenius plots of the experimental absolute viscosity data for the ionic liquids are shown 
in Fig. 3.2 along with data measured previously for Bu3MeNTf2N.
82
  As expected, these plots are 
non-linear, which is typical of glass-forming liquids such as the ionic liquids examined during 
this investigation.  Therefore, the VTF equation was fitted to the viscosity data.  
 
                                        ln η = kη/(T - T0) + ½ ln T - ln Aη                                  [3-2] 
 
where Aη is a scaling factor, kη is a constant related to the Arrhenius activation energy for 
viscosity, and T0 is the ideal glass transition temperature, i.e., the theoretical temperature below 
which the free volume of the liquid disappears.
97
  The constants resulting from the fitting of Eq. 
3-2 to the data in Fig. 3.2 with SigmaPlot software are shown in Table 3.3; the solid lines in this 
figure were calculated from these constants and Eq. 3-2.  The values of r
2
 resulting from this fit 
are 0.9997 or better, which shows that Eq. 3-2 is an excellent representation of the experimental 
viscosity data.  Table 3.2 compares the experimental absolute viscosity values derived from this 
study with the various literature values at 298 K. 
 
3.3.3 Conductivity 
The specific conductance, , of each ionic liquid was determined as described above.  
These results were converted to the molar conductance, , by using the Eq. 1-2.  As observed for 
the viscosity results discussed above, Arrhenius plots of the molar conductance were also non-
linear (Fig. 3.3).  Therefore, the general VTF equation for conductance shown in Eq. 3-3 was 
fitted to the molar conductance data with SigmaPlot software. 
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Figure 3.2 Absolute viscosity data as a function of the inverse temperature for BuMeImTf2N (○), 
Bu3MeNTf2N (---)
82
, BuMe3NTf2N (□), BuMePyroTf2N (■), BuPyTf2N
 
(Δ), and EtMeImTf2N 










Table 3.3 Fitted parameters for absolute viscosity,  (cP), from Eq. 3-2. 
 
 
BuMeImTf2N BuMe3NTf2N BuMePyroTf2N BuPyTf2N EtMeImTf2N 
T0 (K) 154.99 166.82 148.54 161.88 137.00 
kη 910.32 916.81 1050.3 874.31 953.43 
lnAη 5.2950 5.2048 5.5312 5.1791 5.2956 
r
2
 0.9999 1.0000 0.9997 1.0000 0.9999 
sy·x
a
 0.0051 0.0043 0.0110 0.0035 0.0038 
 
a

















                                           ln ,  =  -k,/(T - T0) - ½ ln T + ln A,                 [3-3] 
 
The resulting fitting constants are shown in Table 3.4; the solid lines in Fig. 3.3 were calculated 
from these constants and Eq. 3-3.  The values of r
2
, resulting from this fit are equal to 0.9997 or 
better.  This again indicates that the VTF equation is a very good representation of the 
experimental data.  For the convenience of those researchers working with these ionic liquids, we 
have also presented the constants resulting from fitting the VTF equation in Eq. 3-3 to the 
specific conductance data.  These results are given in Table 3.5.  Table 3.2 compares the specific 
conductance of these ionic liquids with literature data at 298 K. 
 
3.3.4 Surface tension 
            There have been relatively few investigations of the surface tension of ionic liquids based 
on the bis(trifluoromethylsulfonyl)imide anions.  The few examples that do exist are largely 
restricted to the imidazolium-based systems (Table 3.2).  Figure 3.4 shows the experimental 
surface tension data measured as a function of temperature for the six ionic liquids examined 
during this investigation.  Table 3.2 compares the results obtained for these ionic liquids with the 
existing literature data at 298 K. Previous investigations involving ionic liquids composed of a 
common cation with different anions, e.g., BuMeIm
+
 with different anions, has shown a 











  This effect was attributed to a decrease in the anion surface charge density, 
which decreases the ability of the anion to participate in hydrogen bonding.  In the present case, 
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Figure 3.3 Molar conductance data as a function of temperature for BuMeImTf2N (○), 
Bu3MeNTf2N (---)
82
, BuMe3NTf2N (□), BuMePyroTf2N (■), BuPyTf2N
 
(Δ), and EtMeImTf2N 














), from Eq. 3-3. 
 
 
BuMeImTf2N BuMe3NTf2N BuMePyroTf2N BuPyTf2N MeEtImTf2N 
T0 (K) 160.38 168.14 147.64 167.02 153.19 
 
kΛ 787.67 835.34 973.23 763.30 711.36 
ln AΛ 
 















Standard error of the y-estimate. 
 








BuMeImTf2N BuMe3NTf2N BuMePyroTf2N BuPyTf2N MeEtImTf2N 
T0 (K) 164.22 171.09 151.44 170.36 158.00 
 
k 733.59 788.81 912.39 715.49 653.10 
ln A 
 
























, but the difference in surface tension between the highest and 
lowest values, e.g., EtMeImTf2N and Bu3MeNTf2N, is only ~ 5.6 mN m
-1
, with an average value 
of 32.6 mN m
-1
 for all six of the ionic liquids.  Thus, the most that can be gleaned from these 
results is that EtMeImTf2N exhibits the highest surface ordering of the six liquids, but overall the 
surface tension does not depend strongly on the cation structure for these systems. 
As found for most other liquids, the surface tension of ionic liquids varies linearly with 
temperature.  Therefore, the equation 
 










 are the surface energy and entropy, respectively,
98
 was fitted to the experimental 




 are collected in Table 3.6.  The solid lines in 




 values and Eq. 3-4.  The square of the correlation 
coefficient, r
2
, for these fits was 0.995 or greater in each case, indicating that Eq. 3-4 was an 
excellent representation of these data and that the surface tension is highly coupled to the 
temperature.  Overall, the E
s
 values in Table 3.6 are very similar, and they are close in value to 




 but generally smaller than 




.  As noted by Freire et al.,
95
 the surface entropies of 
most of the familiar ionic liquids are generally much smaller than those for fluids such as the n-
alkanes that are known to exhibit high surface organization.  Furthermore, the results obtained in 
the present investigation show that Tf2N
-
-based ionic liquids have smaller S
s
 and perhaps higher 




 anions.  
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The critical temperature, Tc, is the temperature at which the surface tension vanishes.  In 
order to estimate the critical temperature for each of the ionic liquids, the semi-empirical Eötvös 
equation
79
 was fitted to the experimental data 
 
                                                     (V)
2/3
 = kE(Tc – T)           [3-5] 
 
In this equation, V is the molar volume at the specified temperature, and kE is a constant that is 






 for most liquids.  The term (V)
2/3
 
on the lhs is often referred to as the “molar surface tension”.  The results obtained from fitting Eq. 
3-5 to the surface tension data in Fig. 3.4 are also shown in Table 3.6.  It has been reported that 
ionic liquids of the class examined herein are volatile and can in fact be distilled under 
vacuum.
100, 101
  Based on the resulting Tc values, the relative volatilities of the ionic liquids 
would be predicted to be Bu3MeNTf2N > BuMePyroTf2N ~ EtMeImTf2N ~ BuMeImTf2N ~ 
BuMe3NTf2N > BuPyTf2N.  Because the normal boiling temperature of most liquids is ~ 0.6Tc, 
these critical temperatures also provide an estimation of the boiling point of each ionic liquid.  
However, these results must be interpreted with caution because there are very few experimental 
results to confirm these predictions, and the Tc values in Table 3.6 result from a large 
extrapolation.  Furthermore, at atmospheric pressure, most of these ionic liquids would probably 























Figure 3.4 Surface tension data as a function of temperature for BuMeImTf2N (○), Bu3MeNTf2N 
(●), BuMe3NTf2N (□), BuMePyroTf2N (■), BuPyTf2N
 
(Δ), and EtMeImTf2N (▲). The solid 













Table 3.6 Fitted parameters for surface tension,  (mN m
-1
), from Eq. 3-4 and from the Eötvös 
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3.3.5 Walden rule 
The well-known Walden rule relates the molar conductivity of an electrolyte solution to 
its viscosity, or more concisely, to its fluidity (1/).  For an ideal system, the conductivity and 
viscosity are perfectly coupled, i.e., log/log(1/) =1, and the ionic conductivity of the solution 
depends only on the fluidity of the liquid medium.  The typical model of an ideal system is a 
dilute aqueous solution of KCl, where the anions and cations of the salt are fully dissociated, 
albeit solvated by H2O molecules, and exhibit equal mobilities.  However, as discussed in a 
recent, insightful article,
102
 this standard is really arbitrary because there is no theoretical 
foundation for comparing the Walden behavior of an ionic liquid with that for an aqueous KCl 
solution.  In fact, the only advantage of this comparison is that a 1 M solution of this salt gives a 
nearly perfect value of log/log(1/) =1, providing the single data point needed to establish the 
ideal line.
102
  To examine the coupling between fluidity and conductivity, the Walden rule is 
usually written in a modified fractional form, 
 
                                                               

 = const                     [3-6] 
 
where the exponent, , represents the slope of a plot of log(1/) versus log and takes values 
less than one.  The fractional Walden rule has proven to be a useful tool for gaining insight into 
the temperature-dependent variation of anion-cation interactions in glass forming ionic liquids 
because  provides a qualitative measure of the coupling between the ionic conductivity and 





Figure 3.5 shows Walden plots for the five ionic liquids examined during this 
investigation, and also includes data for Bu3MeNTf2N.  In every case, these plots, including that 
for the relatively viscous, poorly conductive Bu3MeNTf2N, fall only slightly below the ideal line.  
This result suggests that these particular bis(trifluoromethylsulfonyl)imide-based systems can be 
classified as ionic liquids with relatively high ionicity in which the anions and cations move 
independently of one another.
78
  (Such systems would also be predicted to exhibit low vapor 
pressures.)  Figures appearing in recent reports from MacFarlane’s group
103, 104
 show Walden 
plots for a wide variety ionic liquids and serve to illustrate the differences between those 
exhibiting high or low iconicity; the later constituting highly associated systems or even liquid 
ion pairs.  (No effort was made to correct the Walden plots in Fig. 3.5 for differences in the 
effective ionic radii as recently proposed by MacFarlane, et al.
103
 because the six ionic liquids 
share a common anion, and the radii of the six cations are very similar.)  Based on these Walden 
plots, it seems that the NMR method used by Watanabe and coworkers
77
 may overestimate the 
extent of aggregation in these ionic liquids. 
The values of  for each of the ionic liquids investigated in this study are given in Table 
3.7, and the average value for all of these systems is 0.92.  The observations that  ~ 0.92 and 
that these Walden plots fall slightly below the ideal line indicate that temperature-induced 
changes in ionic conductivity are smaller than predicted from the changes in the fluidity due to 
increasing anion-cation interactions as the temperature is raised.  However, in view of the 
closeness of  to unity, the decoupling of conductivity and fluidity is still reasonably small in all 
of these systems.   
Another way to arrive at virtually the same values of  is through the ratio of the 
temperature-dependent VTF activation energies for viscosity and conductivity, Ea,/Ea,η.































Figure 3.5 Walden plots for BuMeImTf2N (○), Bu3MeNTf2N (●), BuMe3NTf2N (□), 
BuMePyroTf2N (■), BuPyTf2N
 
(Δ), and EtMeImTf2N (▲). The solid line is the ideal line for a 1 










Table 3.7 Comparison of the activation energies for the absolute viscosity, Ea,η, and molar 
conductance, Ea,;  from the Walden plots and from the ratio of the activation energies, EA, at 
298 K. 
 
Ionic Liquid Ea,η (kJ mol
-1
)  Ea, (kJ mol
-1
)   EA 
BuMeImTf2N 31.6 29.4 0.92 0.93 






BuMePyroTf2N 33.4 30.5 0.91 0.91 
BuPyTf2N 33.6 31.6 0.93 0.94 
EtMeImTf2N 25.9 
 

















These activation energies are easily calculated from the equations obtained by partial 
differentiation of Eq. 3-2 and 3-3;
97
 the resulting expressions are presented in a recent article.
107
 
Table 3.7 compares  values calculated from the slopes of the Walden plots in Fig. 3.5 with 
those calculated from the activation energies at 298 K.  The two methods for obtaining  are in 
very good agreement.  
 
3.3.6 Stokes-Einstein relationship 
The classical Stokes-Einstein equation relates the viscosity of an incompressible medium 
to the diffusion coefficient, D, of a spherical particle with a hydrodynamic radius, rs, moving 
through the medium  
 
                                                      D = kT/6rs                                          [3-7] 
 
where k is the Boltzmann constant, and the other symbols have their usual meaning.
108
  The 
Stokes-Einstein product, D/T, where D is derived from electrochemical mass transport data, is 
often used to make temperature-independent comparisons of the relative value of rs.  In fact, in 
Lewis basic room-temperature haloaluminate ionic liquids, the relative values of rs for a series of 
well-defined transition metal chloro complexes was found to depend surprisingly well on the 
overall charge on the complex.
109
  Unfortunately, the direct calculation of rs from D/T has been 
precluded by uncertainty about the value of the numerical constant “6” in Eq. 3-7 that is a vestige 
of Stokes law from which it is derived. 
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Recent experiments involving the electrochemical oxidation of ferrocene and the 
reduction of cobaltocenium ion demonstrated that the relationship between D and 1/ is 
preserved reasonably well for these electroactive solutes over a range of ionic liquids that have 
different anions, cations, and viscosities.
110
  The main implication of this result is that at a fixed 
temperature the hydrodynamic radii of the diffusing entities do not depend on the 
physicochemical properties of the ionic liquids that were examined.  However, the applicability 
of these results to solutes other than metallocenes has not been clearly established.  Also, it is not 
clear if temperature plays any role in this relationship.  In an effort to further probe the 
applicability of the Stokes-Einstein relationship to diffusion in non-chloroaluminate ionic liquids, 




                                      [Ru(bipy)3]
2+
  ⇌  [Ru(bipy)3]
3+
  +  e
-
                           [3-8] 
 
In this case, the diffusing species is a multiply-charged, spherically symmetrical ion.  These 
experiments were conducted as a function of temperature in the six ionic liquids discussed above.  
[Ru(bipy)3]
2+
 was introduced into each ionic liquid by the dissolution of [Ru(bipy)3](PF6)2, 
which resulted in brilliant, orange-colored solutions.   
The most reliable electrochemical method for measuring the diffusion coefficient for an 
electroactive species in an ionic liquid is hydrodynamic or rotating electrode voltammetry at a 
uniformly accessible electrode disk electrode (RDE).  Some examples of voltammograms 
recorded for the oxidation of [Ru(bipy)3]
2+
 in BuMePyroTf2N at a Pt-RDE at different electrode 





, DR, was calculated by using the Levich equation 2-4.  Simlar 
voltammograms were obtained for the oxidation of [Ru(bipy)3]
2+
 in the other ionic liquids.  
Figure 3.7 shows a graph of DR/T versus 1/ resulting from experiments conducted in each of the 
six ionic liquids at temperatures ranging from 303 to 333 K.  (The upper bound on this 
temperature range was limited by the stability of the Teflon
®
 shroud on the Pt-RDE.)  These 
results clearly demonstrate the applicability of the relationship between DR and 1/ for the 
diffusion of [Ru(bipy)3]
2+
 in bis(trifluoromethylsulfonyl)imide-based ionic liquids and they 
indicate that rs is independent of the structure of the cation, ionic liquid viscosity, and 
temperature.  The slope of this plot, kT/6rs, was found to be 1.24 × 10
-10





with Eq. 3-7, yields a value of rs = 5.9 Å. 
Recent theoretical consideration of ferrocene diffusion in ionic liquids similar to those 
examined herein suggests a “sliding sphere” model for which the numerical constant in Eq. 3-7 
takes a value of 4.
111
  To test this proposition, we compared the value of rs calculated from the 
slope of the plot shown in Fig. 3.7 by using Eq. 3-7 with various estimates of the crystallographic 
radius, rc.  The latter was calculated from the crystal structure of [Ru(bipy)3](PF6)2
112, 113 
by using 
two methods.  The first estimate of rc was made from the measured unit cell volume by using the 
method described by Slattery et al.
114
 in which the volume of the ion of interest is determined by 
subtracting the volume of the counter ion(s) from the unit cell volume.  This method yields a 
radius of 5.2 Å for [Ru(bipy)3]
2+
.  The radius of the [Ru(bipy)3]
2+
 ion can also be estimated from 
the same crystal structure by considering the distance from the ruthenium ion to the para-
hydrogen atom of the bipyridine ligand, which is 5.6 Å, and by adding together the volumes of 
the atoms of the complex using Hofmann’s method.
115
  The latter method gives a radius of 5.4 Å.  
Finally, the volume of the [Ru(bipy)3]
2+





 to be about 900 Å
3
, which yields a radius of 6.0 Å.  Thus, taken together, these 
estimates place the radius of the [Ru(bipy)3]
2+
 ion at ~5.6 ± 0.2 Å.  Thus, the agreement between 
rs (5.9 Å) and rc (5.6 Å) is quite good. In the present case, the use of 4 as a numerical constant in 
Eq. 3-7 would lead to a grossly larger value of rs = 8.9 Å.  The correct constant to be used with 
Eq. 3-7, i.e., 4 or 6, should become clearer as additional, carefully designed studies of diffusion 

































Figure 3.6 Voltammograms recorded at a Pt-RDE for a 5 mM solution of [Ru(bipy)3]
2+
 in 
BuMePyroTf2N at the following rotation rates: 105 (– –), 131 (– ∙ –), 157  (∙ ∙ ∙), 183  (– ∙ ∙ –), 
and 209 rad s
-1































Figure 3.7 Stokes-Einstein plots for BuMeImTf2N (○), Bu3MeNTf2N (●), BuMe3NTf2N (□), 
BuMePyroTf2N (■), BuPyTf2N
 





 HETEROGENEOUS ELECTRON TRANSFER KINETICS AND DIFFUSION OF 




The heterogeneous kinetics of the ferrocene/ferrocenium (Fc/Fc
+
) reaction, as well as the 
mass transport of Fc and Fc
+
, were investigated in the six Tf2N
-
-based ionic liquids listed in 
Chapter 1 at 303 K.  The former investigation was conducted with electrochemical impedance 
spectroscopy (EIS).  The Fc
+
/Fc reaction was found to be more complicated in these ionic liquids 
than has been appreciated.  EIS measurements indicate that this reaction is electrochemically 
reversible at freshly activated platinum and glassy carbon electrodes.  However, under certain 
conditions, platinum electrodes develop a surface film that increases the interfacial charge 
transfer resistance of the Fc/Fc
+
 reaction, leading to apparent quasireversible behavior.  The 
temperature-normalized diffusion coefficients of Fc and Fc
+
 scaled linearly with the inverse 
absolute viscosity in these ionic liquids in accordance with the Stokes-Einstein equation.  This 
expression can be used to calculate the Stokes or hydrodynamic radii of the diffusing species by 
the judicious choice of the constant.  Reasonable results were obtained for solutes with 
crystallographic radii greater than those of the ionic liquid constituents when the constant was 6.  
61 
 
However, equally good results were obtained for those solutes with radii equal to or slightly less 
than the radii of the constituent ions, such as Fc and Fc
+
, when the constant was taken as 4. 
 
4.2 Introduction 
            Because of their favor properties as discussed in Chapter 1, room-temperature ionic 
liquids have been used for many different applications.  One aspect that is common to almost all 
of these proposed applications is the presence of one or more heterogeneous (and in some cases 
homogeneous) electron transfer reactions.  However, such reactions are not well understood in 
ionic liquids, and a number of researchers have attempted to explore various aspects of these 
reactions such as their activation free energies and the role of solvent dynamics by employing 
redox probes that are known to follow a simple outer sphere mechanism in conventional organic 
solvents.  Foremost among these redox probes is the ferrocenium/ferrocene (Fc
+
/Fc) system.  
This redox couple is particularly attractive because of its weak interactions with most solvents, 
leading to a nearly solvent-independent standard potential.
117
  For this reason, it was designated 
by the IUPAC as a universal reference redox system.
118
   
Although the Fc
+
/Fc reaction has been carefully studied in a number of molecular 
solvents over many decades, the electrochemical characteristics of this seemingly simple redox 
reaction remain controversial.  For example, as noted in a recent article by Mashkina and 
Bond,
119
 studies of the heterogeneous rate constant, k
0
, for the Fc
+
/Fc reaction in these solvents 
have produced widely different results with values ranging from ~ 10
-3
 to > 1 cm s
-1
.    
Furthermore, these results seem to depend to a large extent on the concentration of ferrocene, 
measurement technique, electrode material, electrode surface condition, and electrode radius.
120
    
For example, in CH3CN, one of the largest values of k
0
 (6 cm s
-1
) resulted from voltammetric 
62 
 
experiments with Pt ultramicroelectrodes (UME) in very dilute solutions of ferrocene,
121
 whereas 




) was recorded at a 3-mm diameter glassy carbon 
electrode.
122
  Similar discrepancies exist in ionic liquids with some investigators reporting what 
is clearly quasireversible behavior for the Fc
+
/Fc reaction, whereas other groups, working in the 
very same or related ionic liquids, have found the reaction to be reversible or mass-transport 
controlled.  Table 4.1 lists some of the widely different values of k
0
 that have resulted from 
electrochemical investigations in room-temperature ionic liquids. 
In addition to inconsistencies associated with the measured values of k
0
 for the Fc
+
/Fc 
reaction in ionic liquids, there are uncertainties associated with the diffusion coefficients of both 
Fc and Fc
+
 with considerable variation in the reported values.  There are also reports describing 
various complications associated with their measurement.  For example, several investigations 
have concluded that the diffusion coefficient of ferrocene in ionic liquids varies with its solution 
concentration.
123, 124   
More recent investigations concluded that this is probably not the case, with 
the aforementioned concentration dependence attributed to the volatility of ferrocene in solutions 




  However, the stability of Fc
+
 solutions prepared in 
ionic liquids has not been established.  Surprisingly, dissolved Ar gas, but not N2, is reported to 
increase the diffusion coefficient of Fc,
126
 which might lead to different results for experiments 
carried out in Ar-filled glove boxes or in cells purged with this gas.  
In this section, we report an investigation of k
0
 for the Fc
+
/Fc reaction in three common 
ionic liquids based on the bis(trifluoromethylsulfonyl)imide (Tf2N
-
) anion.  These liquids span a 
wide range of viscosities and conductivities.  This study was carried out with electrochemical 
impedance spectroscopy (EIS).  In addition, we have used the limiting current data from 
hydrodynamic voltammetry to calculate the diffusion coefficients of Fc and Fc
+




Table 4.1 Literature data for the heterogeneous rate constants of the Fc/Fc
+







) T (K) Electrode Technique Reference 
EtMeImTf2N 0.15 -0.2 293 Pt      FSV
a
  127 





 0.20 298 GC CVCA
d
 129 
BuMePyroTf2N 4.3 x 10
-3
 298 Pt EIS 130 
EtMeImTf2N 2.1 x 10
-2
 298 Pt FSV 131 
EtMeImTf2N 1.0 x 10
-2
 298 Pt EIS 131 
BuMeImPF6
e
  2.5 x 10
-3
 293 Pt-UME FSV 132 
BuMeImPF6 2.3 x 10
-4
 293 GC FSV 122 
 
a
 Fast scan cyclic voltammetry. 
b










liquids based on Tf2N
-
.  We show that the Fc/Fc
+
 electrode reaction is more complicated in ionic 
liquids than has been previously assumed. 
 
4.3 Results and Discussion 
 
4.3.1 Voltammetry of the Fc/Fc+ reaction in ionic liquids 
Figure 4.1 shows cyclic staircase voltammograms for the Fc/Fc
+
 reaction in each of the 
ionic liquids listed above at the same scan rate, temperature, and Fc concentration.  For 
comparison purposes, these voltammograms, which were measured against a common reference, 
are normalized versus their half-wave potentials.  In this figure, the magnitude of the peak 
oxidation currents for Fc reflects the viscosities of the ionic liquids.  Thus, the current for the 
oxidation of Fc in the very viscous Bu3MeNTf2N is only a fraction of that observed in the far less 
viscous EtMeImTf2N.   
Close inspection of the voltammograms in Fig. 4.1 also reveals a somewhat less obvious, 
but important feature.  The peak potential separation, ∆Ep, for each of these waves also scales 
qualitatively with the conductivities of these ionic liquids: EtMeImTf2N (76 mV), BuMeImTf2N 
(86 mV), BuPyTf2N (92 mV), BuMePyroTf2N (94mV), BuMe3NTf2N (96 mV), and 
Bu3MeNTf2N (160 mV).  These large values of Ep were obtained despite all attempts to 
mitigate for the uncompensated solution resistance by using the positive feedback feature of the 
commercial potentiostat employed for this investigation.  (No attempts were made to optimize 
the electrode/cell geometry beyond that described above or to place the reference electrode in a 
























Figure 4.1 Cyclic staircase voltammograms of 6.0 mM solutions of Fc
 
in different ionic liquids: 
BuMeImTf2N (—), Bu3MeNTf2N (– ∙ –), BuMe3NTf2N (– ∙ ∙ –), BuMePyroTf2N (∙ ∙ ∙), 











uncompensated resistance to achieve electronic stability, and like the instrument used in this 
investigation, can only correct for about 80-90% of the uncompensated resistance.75  At the 
temperature of these measurements, Ep  = 2.3RT/nF should approach ~ 60 mV for a Nernstian 
redox system.  Thus, on this basis of these large values of Ep, it is possible to infer that the 
Fc
+
/Fc reaction is quasireversible in these ionic liquids.  However, for those techniques based on 
cyclic voltammetry, it is well established that uncompensated solution resistance also leads to 




4.3.2 Stability of Fc solutions  
Before the heterogeneous kinetics of the Fc
+
/Fc reaction and the mass transport of Fc and 
Fc
+
 were examined in the various ionic liquids, it was necessary to examine the stability of a 
representative Fc solution as a function of time.  The least viscous ionic liquid used in this study, 
EtMeImTf2N, was chosen as the test solvent because it was reckoned that the evaporation loss of 
Fc was likely to be the greatest from this ionic liquid.  These experiments were carried out under 
practical experimental conditions by measuring the CSV peak and RDEV limiting currents for 
the oxidation of a solution of Fc at a freshly polished Pt electrode in a cell that was open to the 
glove box atmosphere and maintained at 303 K.  Observations were carried out over a period of 
15 days, and the results are shown in Fig. 4.2.  From the voltammograms in this figure, the rate 
of evaporation of Fc is estimated to be roughly 1.8% per day.  Not surprisingly, this rate 
increased significantly if the solution was heated above 303 K.  Thus, these findings indicate that 
it is possible to make reliable measurements of the voltammetric currents for the Fc/Fc
+
 reaction 
in ionic liquids provided that the temperature of the Fc solution is kept close to room temperature 
and the solution is used relatively soon after preparation.  Similar experiments were carried out 
67 
 
with solutions of Fc
+
 that were prepared by the dissolution of FcPF6.  The instability of such Fc
+
 
solutions when exposed to air has been discussed.
132
  However, we found that these solutions 
were stable for many days without loss or degradation of the Fc
+
 when protected from the 
atmosphere in a N2-filled glove box.  
 
4.3.3 Heterogeneous kinetics of the Fc/Fc+ reaction in ionic liquids 
Electrochemical impedance spectroscopy (EIS) was employed in order to investigate the 
electron transfer kinetics of the Fc/Fc
+
 reaction in the ionic liquids of interest as discussed in 
Chapter 2.  This technique is the most reliable method to determine the charge transfer resistance 
of the Fc/Fc
+
 reaction.  For comparison purposes, the Fc/Fc
+
 reaction was first examined in 
CH3CN containing 0.1 M Bu4NPF6 as the supporting electrolyte because there is good evidence 
that this reaction is mass transport controlled in this solvent.
135
  Figure 4.3 shows a complex 
plane impedance plot for the Fc/Fc
+
 reaction in CH3CN.  This plot consists of a simple straight 
line over the entire range of frequencies that were probed with a slope of approximately unity 
and an intercept on the Zre axis at |Zim| = 0.  This is the result expected for a diffusion-controlled 
electrode reaction.  The mathematical expression for this line can be obtained from the Randles 
equivalent circuit model with a Warburg impedance component
76
 by combining the frequency-
dependent expressions for Zre and Zim that result when   0
75, 136 , 137  
 
                                          Zim = Zre - R - Rct+ 2
2
Cd                               [4-1] 
 



























Figure 4.2 (a) Cyclic staircase and (b) RDE voltammograms of 10 mM Fc in EtMeImTf2N as a 
function of time at a freshly polished Pt electrode: day 1 (—); day 2 (– –); day 8 (– ∙ ∙ –); and day 


























































Figure 4.3 Complex plane impedance plot for 5.0 mM Fc + 5.0 mM Fc
+
 in CH3CN containing 
























)]         [4-2] 
 
where DO and DR represent the diffusion coefficients of the oxidized and reduced species, 
respectively, and all other symbols have their usual meaning.  If this reaction was quasireversible, 
i.e., if it exhibited an appreciable Rct, then the Randles circuit model would lead to at least one 
time constant.  Thus, a high frequency capacitive semicircular plot centered at Zre = R + Rct/2 
and Zim = 0 would be expected in addition to the Warburg line shown in Fig. 4.3.  Clearly, the 
Fc/Fc
+
 reaction is diffusion controlled or Nernstian in CH3CN under the experimental conditions 
of this study, as has been noted in previous investigations.
119, 121
 
Figure 4.4 shows impedance plane plots recorded for the Fc/Fc
+
 reaction in EtMeImTf2N 
at both Pt and GC electrodes.  These plots are very similar to that for the Fc/Fc
+
 reaction in 
CH3CN because they all show a linear relationship between |Zim| and Zre and a significant 
intercept on the Zre axis at |Zim| = 0.  The intercepts and slopes resulting from the simple least 
squares fit to the data in Fig. 4.4 are collected in Table 4.2.  As was the case for CH3CN, these 
plots have a slope of unity.  Again, there are no high frequency capacitive semicircles that can be 
attributed to slow charge transfer reactions, i.e., to significant values for Rct in parallel with Cd.   
Similar EIS measurements were carried out for the Fc/Fc
+
 reaction in the BuMePyroTf2N and 
Bu3MeNTf2N ionic liquids, and the resulting impedance plots are shown in Figs. 4.5 and 4.6.    
These results are very similar to those found in EtMeImTf2N. 
According to Eq. 4-1, the intercepts at |Zim| = 0 in the complex plane impedance plots 




                                                 Zre  = R + Rct - 2
2
Cd                           [4-3] 
 
could conceivably obtain information about Rct and Cd as well as R, although as noted above the 
lack of a high frequency capacitive semicircle in these figures suggests that Rct must be quite 
small in comparison to R.  However, the magnitude of the term 
2
Cd appearing on the rhs of Eq. 
4-3 is not known so we estimated its value from the diffusion coefficients for ferrocene (DFc) and 
ferrocenium (DFc+) in EtMeImTf2N given in Table 4.3 with Eq. 4-2 and the assumed value of Cd 




  The resulting value is 1.3 x 10
-5
 , indicating that this term makes no 
appreciable contribution to the intercept.  As a second test, we calculated R for each working 




                                                                  R = 1/4r                                            [4-4] 
 
where r is the radius of the electrode disk, and  is the specific conductance of the electrolyte.   
The values of  were taken from the data in Chapter 3.  Table 4.2 compares the intercepts from 
Figs. 4.4-4.6 with the estimated values of R from Eq. 4-4.  Allowing for a reasonable 
experimental error, the calculated values of the solution resistance are remarkably close to the 
experimental intercepts in these figures, varying on average by only  4 %.  Thus, these results 
indicate, as predicted, that the intercepts of the linear complex plane impedance plots reflect only 
R, i.e., R >> Rct - 2
2





























Figure 4.4  Complex plane impedance plots for 5.0 mM Fc + 5.0 mM Fc
+
 in EtMeImTf2N at 
freshly polished Pt (○) and GC (■) electrodes; linear regression (solid lines).  Inset: amplification 
of the high frequency region; (●) Pt electrode after cycling and one hour of immersion; fitted 






























































Figure 4.5  Complex plane impedance plots for 5.0 mM Fc + 5.0mM Fc
+
 in BuMePyroTf2N at 
freshly polished Pt (○) and GC (■) electrodes; linear regression fit (solid lines). Inset: 
amplification of the high frequency region; (●) Pt electrode after cycling and one hour of 






























































Figure 4.6 Complex plane impedance plots for 5.0 mM Fc + 5.0 mM Fc
+
 in Bu3MeNTf2N at 
freshly polished Pt (○) and GC (■) electrodes; linear regression fit (solid lines). Inset: 
amplification of the high frequency region; (●) Pt electrode after cycling and one hour of 











































 reaction is indeed diffusion controlled in all three of the ionic liquids that were 
investigated.   
Although it is obvious that k
0
 cannot be directly measured for the Fc/Fc
+
 reaction in these 
ionic liquids with EIS, an estimate of the probable lower bound on k
0
 can be inferred from the 
semi-quantitative expression that describes the upper limit of k
0
 that is accessible with this 
technique under a given set of experimental conditions
75 
 




          [4-5] 
 




, and  represents the highest angular 
frequency that was applied by the experimental system.  However, Eq. 4-5 must be modified in 
this case because DFc+ is somewhat smaller than DFc. When modified to take into account this 
difference, Eq. 4-5 becomes  
 
                                           k
0






)         [4-6] 
 
Equation 4-6 and the values for DFc+ and DFc presented later in this article were used to estimate 
this upper limit in each ionic liquid, and the results are given in Table 4.2.  Because the Fc/Fc
+
 
reaction is diffusion controlled under the experimental conditions employed in this investigation, 
k
0
 must be equal to or greater than the values in this table.  
76 
 
The estimates in Table 4.2 also emphasize the effect of viscosity on the measurement of 
kinetic data in ionic liquids.  That is, the upper limit on the accessible value of k
0
 in these ionic 
liquids is dependent on the diffusion coefficients, which are in turn strongly coupled to the 
fluidity.  For EtMeImTf2N, the estimated lower bounds for k
0
 are most consistent with the values 
given by Lagrost, et al.
127
 and Fietkau, et al.
128
 but they are roughly one order of magnitude 
larger than the k
0
 values reported in another investigation.
131
  In the case of BuMePyroTf2N, the 
lower bound for k
0





  The disparities in these results emphasize the problems that are inherent to 
the accurate measurement of heterogeneous kinetics in these viscous, poorly conductive ionic 
liquids. 
During the course of this investigation, a phenomenon was identified that could possibly 
explain the unexpectedly small values of k
0
 found during some previous investigations.  If a 
freshly polished Pt electrode was scanned through the Fc/Fc
+
 reaction several times with CSV 
and then allowed to remain in the solution for an extended period of time, changes were noted in 
subsequent CSV and RDEV waves that were consistent with an increase in resistance. For 
example, a cyclic voltammogram recorded immediately after immersion in solution shows Ep = 
66 mV, but this increases to 84 mV after one hour (Fig. 4.7).  This change in resistance is also 
manifested in the hydrodynamic voltammogram by an increase in the overpotential for the 
oxidation of Fc.  Although we can find no mention of this phenomenon in ionic liquids, such 
behavior is well known in molecular solvents such as CH3CN and water where it was attributed 
to the formation of an electrode surface film.
117, 141-143
  (No change in resistance was noted in 






Table 4.2 Electrochemical impedance spectroscopy data for the Fc/Fc
+
 reaction in ionic liquids at 
303 K. 
 
Ionic liquid slope Intercept () R
a





EtMeImTf2N 1.00 296 295 Pt  0.18 
 0.99 190 202 GC  0.18 
BuMePyroTf2N 0.99 867 891 Pt  0.12 
 0.98 532 588 GC  0.12 
Bu3MeNTf2N 0.91 7184 7337 Pt  0.049 
 0.92 4077 4035 GC  0.049 
 
a
Estimated from Eq. 4-4. 
b










Table 4.3 Stokes-Einstein products for ferrocene and ferrocenium in 























303 4.4  0.5
b
 3.6  0.2
b
 This work 
293 0.73
c  127 
296 3.9
d  128 
298 8.8
e 5.4 130 
323 1.6
c  131 
293 2.3
e  144 
293 6.2
f  144 
299 5.6
g  110 
299 6.1
h  110 
299 5.7
i  110 
298 5.5
g  126 
293 5.0
j
  145 
293 8.0
k  145 
293 3.6




Table 4.3 Continued 
a
Temperature of measurements. 
b
Average value at the 95 % ci for the six ionic liquids EtMeImTf2N, BuMeImTf2N, 
















BuMeImTf2N, hydrodynamic + ultrasonic 
k









Film formation at Pt electrodes was investigated in more detail with EIS.  The evolution 
of typical impedance plane plots for Pt electrodes during immersion in the three ionic liquids, 
EtMeImTf2N, BuMePyroTf2N, and Bu3MeNTf2N, are shown in the insets of Figs. 4.4-4.6.  After 
potential cycling and one hour of immersion, these impedance plots all show time constants 
indicative of a parallel resistance-capacitance component.  For example, fitting a simple Randles 
equivalent circuit model with a Warburg impedance to the data for EtMeImTf2N (Fig. 4.4, inset) 
produces new resistance components with Rct = 106 Ω and Cd = 0.18 μF cm
-2
.   Thus, this 
adventitious film appears to increase the interfacial electron transfer resistance of the Fc/Fc
+
 
reaction.  Note that this value of Rct would lead to the erroneous assumption that k
0
 ∼ 2.6 × 10-3 
cm s
-1
, which is similar to some of the smaller values given in Table 4.1.  If the electrode is 
removed from the ionic liquid and re-activated by polishing, then Rct again becomes vanishing 
small compared to RΩ, and the time constant disappears from the EIS impedance plots. 
A comprehensive investigation of this surface film is beyond the scope of the present 
investigation.  However, studies in CH3CN have attributed film formation to the weak adsorption 
of Fc or to the deposition of oligiomeric Fc oxidation products on the electrode surface.
117, 141-143
   
Interestingly, the Fc surface film detected in these ionic liquids does not seem to block the 
electrode surface because there is no appreciable decrease in the CSV peak and RDEV limiting 
currents in Fig. 4.7 before and after film formation commences.  Polishing the working electrode 
surface after every experiment and recording data promptly after immersion before the film 















































Figure 4.7 (a) Cyclic staircase and (b) RDE voltammograms of 10 mM Fc in EtMeImTf2N at a Pt 














































4.3.4 Diffusion of Fc and Fc+ ions 
Figure 4.8 shows RDEV waves as a function of rotation rate for a solution containing 
equal amounts of Fc and Fc
+
 that was prepared with BuMeImTf2N.  The potential sweep rates in 
these experiments were sufficiently slow so as to result in steady-state currents at the disk 
electrode.  The limiting currents, |il|, for the oxidation of Fc and the reduction of Fc
+
 in Fig. 4.8 
scaled linearly with ω
1/2 
and intercepted the origin of the plot as required by the Levich equation 
for an uncomplicated electrode reaction under mass-transport control.  RDEV waves recorded 
for solutions of Fc and Fc
+
 in the six ionic liquids were virtually identical in both appearance and 
behavior to those shown in Fig. 4.8, also giving linear plots of ± il versus ω
1/2
.  
In view of the supposed concentration dependence of the diffusion coefficients of 
ferrocene in ionic liquids,
123, 124
 we examined the RDEV limiting current at a fixed ω for the 
oxidation of Fc as a function of concentration in each of the six ionic liquids.  The results of this 
experiment are given in Fig. 4.9.  In every case, the relationship between -il and the C
*
Fc was 
linear, indicating that DFc is independent of concentration over the range investigated.  This 
result was obtained routinely provided that provisions were made to avoid the evaporative loss of 
Fc, and the electrode was lightly polished between experiments (vide supra). 
DFe and DFe+ were determined at a fixed temperature in each ionic liquid by analyzing the 
RDEV limiting current data taken from voltammograms similar to those depicted in Fig. 4.8.  
The resulting values were normalized for the temperature and are plotted versus the inverse 
absolute viscosity, 1/η, in Fig. 4.10.  Both plots are linear with correlation coefficients of 0.998 
and 0.996 for Fc and Fc
+
, respectively.  The linearity of these plots indicates that the diffusion of 
Fc and Fc
+
























Figure 4.8 RDE voltammograms recorded at a freshly polished Pt electrode in BuMeImTf2N 
containing 5.0 mM Fc + 5.0 mM Fc
+
.  The angular frequency of the electrode was: 105 (– –), 





































Figure 4.9 RDE limiting current at a Pt electrode as a function of the Fc concentration in: 
BuMeImTf2N (○), Bu3MeNTf2N (●), BuMe3NTf2N (□), BuMePyroTf2N (■), BuPyTf2N
 
(Δ), and 
EtMeImTf2N (▲).  The angular frequency of the electrode was 157 rad s
-1
. The solid lines are 
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                                                            D = kT/bπrsη                                                         [4-7] 
 
where k is the Boltzmann constant, rs is the Stokes radius of the diffusing species, and b is a 





are independent of the physicochemical properties of the ionic liquids in which the data were 
collected.  
The factor Dη/T provides a convenient route for comparing diffusion coefficient data for 
a given species that were collected at different temperatures and/or in media with different 
viscosities.
108
  With the goal of assessing the overall consistency of DFe and DFe+ measured in the 
ionic liquids of this study, we calculated Dη/T from the data given in several literature articles.  
If we restrict the data for Fc
+
 to only those investigations wherein the diffusion coefficient was 
directly measured in Fc
+
 solutions, only one report is apparent, although there may be others that 
we were unable to locate.  These literature results, and those derived from the present 
investigation, are given in Table 4.3.  For those cases where the value of Dη/T was not given 
directly in the literature article, we calculated the result from the reported diffusion coefficients 
and temperatures given in the article, and η tabulated in a previous report.
29
  Inspection of the 
data in this table reveals a wide range of values, reflecting the surprising difficulty associated 
with the measurement of consistent values of diffusion coefficients in ionic liquids .  The 
diffusion coefficient for Fc
+
 measured in our laboratory is about 82% of that for Fc.  This is 
directly reflected by the larger slope of the Fc plot relative to that for Fc
+
 in Fig. 4.10.  Because 
the crystallographic radii of Fc and Fc
+
 should be very similar, it has been suggested that the 
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Figure 4.10 Stokes-Einstein plots for Fc and Fc
+
 in: BuMeImTf2N (○), Bu3MeNTf2N (●), 
BuMe3NTf2N (□), BuMePyroTf2N (■), BuPyTf2N
 
(Δ), and EtMeImTf2N (▲). Upper line: Fc; 
lower line: Fc
+










However, as we demonstrate below, the estimated value of rs for Fc
+
 is much too small to 
support this proposition. 
Historically, a value of b = 6 has been used in Equation 4-7 with molecular solvents to 
represent the movement of a spherical particle through an incompressible fluid continuum that is 
impeded by both normal and tangential drag forces.  Equation 4-7 with b = 6 has been termed the 
“perfect stick” model and is applied to diffusing particles larger than the solvent molecules. 
However, in the case where the solute molecules are smaller than the solvent, the tangential drag 
component disappears, and b = 4 (“perfect slip” model) often gives better results.145  Vorotyntsev 
et al.111 used the extant data for Fc diffusion in these solvents to examine these classical models 
and showed that the use of Eq. 4-7 and b = 6 with DFc measured in CH3CN leads to a close 
correspondence between rs and the Fc crystallographic radius, which is taken to be ~ 0.28 nm.   
However, the value of rs they calculated from the aggregate values of DFc in ionic liquids was 
closer to the crystallographic radius when b = 4.  (It must be noted that given the variability of 
the values of Dη/T in Table 4.3, drawing solid conclusions from such exercises is fraught with 
uncertainty.)  Combining our values of Dη/T in Table 4.3 with Eq. 4-7 and b = 4, we estimate rs 
to be ~ 0.25 nm, which is in reasonable agreement with the crystallographic radius of Fc. A 
similar conclusion is reached for the oxidized species, Fc
+
.  In this case, we estimate rs for Fc
+
 to 
be ~ 0.30 nm, which is equally close to the expected crystallographic radius of Fc.  This Stokes 
radius is contrary to the proposal that Fc
+
 diffuses in concert with associated solvent anions.   
However, it may certainly experience electrostatic “friction” with solvent anions during the 
diffusion process, leading to a slightly smaller diffusion rate than the uncharged Fc and causing it 
to appear as though it were a physically larger species. 
88 
 
Likewise, in a RDEV investigation of [Ru(bipy)3]
2+
 diffusion in these ionic liquids 
described in Chapter 3, we demonstrated that Eq. 4-7 with b = 6 led to a value of rs (0.59 nm) 
that was in good agreement with the crystallographic radius of this species (0.56 ± 0.02 nm).29  
This agreement with the perfect stick model is not unexpected because the crystallographic 
radius of this species is approximately double that for Fc and is larger than the radii of the 
unassociated solvent ions.  For example, based on molar volumes and other considerations, the 
radii of the ionic liquid cations are expected to range from 0.33 nm for EtMeIm
+
 to 0.43 nm for 
Bu3MeN
+
, whereas the radius of Tf2N
−
 is estimated to be 0.38 nm.114  Thus, the value of b to be 
used with Eq. 4-7 for ionic liquids may simply depend on the relative size of the diffusing 
species compared to the solvent ions.  However, additional, careful systematic investigations of 
the diffusion of solutes for which there are well established crystallographic radii will be 












 AN ELECTROCHEMICAL AND SPECTROSCOPIC INVESTIGATION OF LN
3+
 (LN = EU, 
SM, AND YB) COORDINATION IN BIS(TRIFLUROMETHYLSULFONYL)-IMIDE-BASED 
IONIC LIQUIDS AND COMPLEXATION BY N,N,N’,N’-TETRA(N-
OCTYL)DIGLYCOLAMIDE (TODGA)  AND CHLORIDE 
 
5.1 Synopsis 
The electrochemistry and electronic absorption spectroscopy of europium, samarium, and 
ytterbium were investigated in BuMe3NTf2N and BuMePyroTf2N ionic liquids and in these 
solvents containing the neutral tridentate ligand N,N,N’,N’-tetra(n-octyl)diglycolamide (TODGA) 
and the anionic hard ligand, chloride.  Lanthanide ions were introduced into the ionic liquids by 







.  Electronic absorption spectroscopy suggested that the Ln
3+
 species were weakly 
solvated by Tf2N
-
 anions as [Ln(Tf2N)p]
(p-3)-
, p ≥ 3 in the neat ILs.  In agreement with previous 
results, the quasireversible Ln
3+/2+
 couples of all three elements were accessible in these ILs, but 
Sm
2+
 was only stable on the voltammetric timescale.  The addition of TODGA to [Ln(Tf2N)p]
(p-
3)- 




, but only a 2:1 complex with the smaller 
Yb
3+
 ion.  Depending on the temperature, the addition of Cl
- 
to solutions of [Ln(Tf2N)p]
(p-3)- 














Anhydrous hydrophobic room-temperature ionic liquids (ILs) present a substantially 
different solvation environment for lanthanide ions than aqueous and conventional aprotic 
molecular solvents.  Furthermore, the chemical and physical properties of these ionic solvents 
can be “tuned” by selection of the component ions.  Several classes of ILs are also excellent 
solvents for electrochemistry, particularly those based on bis(trifluoromethylsulfonyl)imide 
(Tf2N
-
).  Their applications for this purpose have been reviewed at length.
37, 38, 146, 147 
 Generally, 
ILs based on Tf2N
-
 are more chemically and thermally robust than ionic liquids made with other 




.  Furthermore, Tf2N-based ionic liquids generally have lower 
viscosities, higher electrical conductivities, and extended anodic potential windows compared to 
ILs based on these anions. 
There is a developing interest in using ILs as substitutes for the volatile organic solvents 
currently employed in the reprocessing of spent nuclear fuel (SNF)
148, 149
 and as solvents for 
actinide (An) and lanthanide (Ln) chemistry in general.
40, 150
  However, relatively little is known 
about the solvation of actinide and lanthanide ions in these ILs and the interactions of dissolved 
ions with simple ligands such as chloride and more elaborate neutral polydentate ligands such as 
N,N,N’,N’-tetra(n-octyl)diglycolamide (TODGA).  TODGA is used as a liquid-liquid extraction 
agent for recovering trivalent An and Ln ions from SNF with hydrophobic ILs.
61, 151-155
  
Europium, samarium, and ytterbium are somewhat unique among the lanthanide elements 
because of their proclivity to form stable, discrete Ln
2+
 species.  In addition, the Ln
3+
 ions of 
these elements are often employed as surrogates for the minor actinides found in SNF, which are 
commonly found as trivalent species.  Europium, samarium, and ytterbium also present an 
interesting contrast in terms of their trivalent ionic radii and Ln
3+/2+
 reduction potentials in 
91 
 
aqueous solution:  Eu
3+
 (94.7 pm, -0.35 V), Sm
3+
 (95.8 pm, -1.55 V), and Yb
3+
 (86.8 pm, -1.05 
V).
156
   
Introductions about electrochemical behavior and absorption spectroscopy of lanthanide 
ions were presented in Chapter 1, Section 2.  Luminescence spectroscopy and voltammetry were 
used to examine the coordination of Eu
3+
 in Tf2N-based ionic liquids before and after the 
addition of H2O.
59
  The Eu
3+/2+
 reaction was quasireversible in the ILs (k
0





nearly reversible in aqueous solution (k
0




).  Rao et al.
43
 also examined the 
electrochemistry of Eu
3+
 in BuMePyroTf2N.  In addition to measuring k
0
 for the Eu
3+/2+
 reaction 
and the diffusion coefficient for Eu
3+
, they reported that Eu
2+
 could be reduced to the metallic 
state at glassy carbon, which they confirmed with energy dispersive x-ray spectroscopy.  Cyclic 
voltammetry was used to investigate the ion exchange between the trifluoromethanesulfonate 
anion (OTf
-
) and the less basic Tf2N
-
 anion coordinated with Yb
3+




In this investigation, we used electrochemistry and electronic absorption spectroscopy to 






 in the neat BuMePyroTf2N IL, this IL containing 
the neutral extractant, TODGA, and in this IL containing Cl
-
.  In addition, we report the transport 
properties of these ions in the neat IL as measured with rotating disk electrode voltammetry and 




 reactions as 





5.3 Results and discussion 
 







 were prepared by coulometric oxidation of the 
respective metals at an applied potential of 0.6 V.  The oxidation states, n, of the dissolved 
lanthanide species were calculated from the change in the weight, ∆w, of the Ln metals after the 
passage of a given charge, Qexp, by using Faraday’s law Eq. 2-1.  The results of these 
experiments are given in Table 5.1, and they verify that the species introduced by using this 






.  Solutions containing Eu
3+
 were prepared by the CPC 
oxidation of Eu
2+
 solutions at a potential of 1.2 V.  Likewise, solutions of Yb
2+
 were obtained by 
CPC reduction of dissolved Yb
3+
 at a potential of -1.2 V.  It was not possible to prepare solutions 
containing Sm
2+









 as well 






 in this ionic liquid.  This coulometric method for preparing 
solutions is advantageous because it is not based on the dissolution of compounds or complexes 
with attendant anions and/or water of hydration.  Therefore, the resulting soluble Ln
x+
 (x = 2 or 3)
 
species can only be solvated or coordinated by Tf2N
-
 anions.  Electronic absorption spectroscopy 
was used to investigate the coordination of these species in the IL. 
 
5.3.2 Electronic absorption spectroscopy of lanthanide ions 
Absorption spectra of Eu
2+
 are given in Fig. 5.1 and show the changes resulting after the 
Eu
2+
 is oxidized to Eu
3+
 in BuMe3NTf2N.  The spectrum of Eu
2+
 exhibits two moderately intense  
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Table 5.1 Anodic dissolution of lanthanide metals 
 
Lanthanide metals ∆w(g) Qexp (C) n navg 
 0.0316 38.9 1.94  
Eu 0.0246 31.4 2.01 2.0 + 0.0 
a
 
 0.0240 30.0 1.97  
 0.0108 20.5 2.96  
Sm 0.0105 18.9 2.80 3.0 + 0.1 
a
 
 0.0098 19.5 3.10  
 0.0190 31.6 2.98  
Yb 0.0395 63.6 2.89 2.9 + 0.1 
a
 
 0.0191 30.0 2.82  
 










absorption bands at 256 nm and 313 nm.  These broad bands are due essentially to 4f
 7





 where the excited configuration is split by the ligand field of Tf2N
-
 into several 
levels given by J1Гn.
161









, respectively.  The spectrum of Eu
2+
 in BuMe3NTf2N is very 
similar to that reported for weakly solvated Eu
2+
 in acetonitrile and aqueous solutions
160,  162, 163 
, 




 was oxidized to Eu
3+
 by 
controlled potential coulometry at Eapp = 1.2 V.  Figure  5.1 also shows the spectrum obtained 
after 50% of the Eu
2+
 was oxidized to Eu
3+
; the absorbance of the Eu
2+
 bands decreased 
commensurately.  After all of the Eu
2+
 is oxidized to Eu
3+
, the two Eu
2+
 absorption bands have 
completely disappeared, and no new absorption bands could be observed because the 
intraconfigurational 4f → 4f transitions associated with Eu
3+
 are too weak to be observed at a 
concentration of 5 mM. 
In order to observe the very weak absorption bands expected for IL solutions of the three 
trivalent lanthanide ions, it was necessary to prepare very concentrated solutions.  Unfortunately, 
it was found that the spectra of these solutions routinely displayed a baseline that increased 
exponentially with decreasing wavelength as shown in Fig. 5.2a for Eu
3+
.  Such behavior is 
typical of Rayleigh scattering, which is due to elastic scattering by particles with diameters 
smaller than the wavelength of light.  The particles may be individual atoms or molecules, but in 
this case, it may be due to particles of impurities such as silica entrapped in the lanthanide metals, 
but released during oxidation.  Note that this scattering phenomenon is absent from the neat IL. 
Thus, a simple method was developed to subtract the baseline from spectra distorted by 
scattering like that shown in Fig. 5.2a so that the spectral bands could be resolved.  This method 




























 in BuMe3NTf2N: (—) neat ionic liquid 
versus air; (– –) 5 mM Eu
3+ 
; (– ∙ –) 2.5 mM Eu
2+ 
+ 2.5 mM Eu
3+










for scattering in pharmaceutical samples.  In order to apply this method, we first removed all 
obvious absorption bands from the raw experimental data set to leave only the baseline data. 
Secondly, an exponential decay equation, Eq. 5-1, was fitted to this baseline data by using 
SigmaPlot software. 
 






                                                               [5-1] 
 
The constants resulting from this fit were then used to generate an artificial baseline that was 
subtracted from the complete experimental data set to obtain spectra that were amenable to 
interpretation.  The fitting statistics for the baseline treated in this fashion with Eq. 5-1 were 
quite good with the square of the correlation coefficient, r
2
, averaging 0.999 for all correction 
procedures employed herein.  Figure 5.2b shows the spectrum in Fig. 5.2a  after application of 
the background correction procedure described above.  This method was found to work quite 
well for resolving very weak absorption bands > 250 nm.  (The UV-cutoff of the ionic liquid is 
about 210 - 220 nm.) 
The absorption spectrum of a concentrated Eu
3+
 solution (40 mM) is shown Fig. 5.2b 
Eu
3+
 has six electrons occupying in the 4f orbital, and the ground state is 
7
F0.  Although Eu
3+ 
shows several absorption bands between 360 to 600 nm,
160
 some of them are too weak to be 
observed under our experimental conditions.
160
  A very weak absorption band located at 395 nm 
can be observed, which corresponds to the transition with largest oscillator strength in the Eu
3+ 






  The molar absorptivity at 395 nm was estimated 

































Figure 5.2  Spectra of 40 mM Eu
3+
 in BuMe3NTf2N: (a) before and (b) after background 
correction. Dashed line: pure ionic liquid. 
Wavelength / nm












































  The band located at around 460 






  Therefore, despite the differences in the solvating 
ligands, the concordance between the spectroscopic results found in the ionic liquids and those 




 are only weakly 
solvated in BuMe3NTf2N, probably in the form of species such as [Eu(Tf2N)x]
(x-3)-
, most likely 
with x = 5.
67, 167
   
Spectra of a 50 mM Sm
3+
 solution in BuMe3NTf2N before and after background 
correction are shown in Fig. 5.3.  Sm
3+





 shows several absorption bands between 300 to 1100 nm, but most of the 4f 
→ 4f transition bands are located between 300 to 500 nm, as shown in Fig. 5.3b. The highest 






 The molar absorptivity at 

















  The 
similarities of the Sm
3+ 
spectrum in BuMe3NTf2N to spectra recorded in these conventional 






, is only weakly solvated by 
Tf2N
-
 in this IL.  
Figure 5.4 shows the absorption spectra of a 30 mM solution of Yb
3+ 
in BuMePyroTf2N 
before and after background correction.  Yb
3+
 has 13 electrons occupying in 4f orbital and the 
energy levels of the 4f configuration of Yb
3+ 
are the same as those for Ce
3+
, which has only one 
electron in the f orbital.  The Yb
3+ 
ground state is 
2
F7/2.  In Fig. 5.4b, there is a very weak band at 






  The molar absorptivity for this 




, which is in reasonable agreement with the value found 


































Figure 5.3 Spectra of 50 mM Sm
3+
 in BuMe3NTf2N: (a) before and (b) after background 
correction.  Dashed line: pure ionic liquid.     
Wavelength / nm
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Wavelength (nm)









































Figure 5.4 Spectra of 30 mM Yb
3+
 in BuMePyroTf2N: (a) before and (b) after background 
correction.  Dashed line: pure ionic liquid.    
Wavelength / nm


































liquid provide strong evidence that Yb
3+
 is only weakly solvated by Tf2N
-
 in BuMe3NTf2N as 










by controlled potential coulometry at Eapp = - 1.2 V.  At the 10 mM 
concentration employed during these experiments, no absorption bands are evident for Yb
3+
.  
However, after the Yb
3+ 
has been completely reduced to Yb
2+
, two moderately intense absorption 








) as well as 





transitions, where the excited configuration is split by the ligand field of Tf2N
-
 into several levels 
given by J1Гn.
165
  The spectrum of Yb
2+
 in BuMePyroTf2N is in good agreement with that 
reported for Yb
2+




5.3.3 Voltammetry of lanthanide ions 






 ions in the neat IL 
are shown in Fig. 5.6.  These solutions were prepared by coulometric oxidation of the respective 
metal electrodes as described above.  Also shown in Fig. 5.6, voltammograms for a solution of 
Eu
3+
 that was prepared by CPC oxidation of Eu
2+
 and a solution of Yb
2+
 that was prepared by 
reduction of Yb
3+
.  In all cases, the voltammetric peak currents for the reduction/oxidation of 
these lanthanide ions varied linearly with concentration at a fixed scan rate.  The voltammetric 
half-wave potentials, E1/2 = (Epa + Epc)/2, and peak potential differences, Ep = Epa - Epc, where 































 in BuMePyroTf2N: (—) 10 mM Yb
3+
; 
















to those reported previously
42, 43, 47
 in that all three of these couples exhibit values of Ep 
considerably larger than expected for a one electron Nernstian process at 323 K, which is ~ 0.064 




 redox reactions 
is given below. 
With consideration of the spectroscopic results presented above, the CSVs in Fig. 5.6  




 redox reactions correspond to the following general process 
 
                              [Ln(Tf2N)x]
(x-3)-
  +  e
-
  ⇌ [Ln(Tf2N)y]
(y-2)-
  +  (x-y)Tf2N
-
         [5-2] 
 
with x  y.  Although solutions of Sm
2+
 cannot be prepared by CPC reduction of Sm
3+
, the 
corresponding voltammogram in Fig. 5.6 indicates that the former exhibits at least modest 
stability on the voltammetric timescale, especially at faster scan rates.  For example, the plot of 
the anodic to cathodic peak current ratio, ipa/ipc, for the Sm
3+/2+
 reaction shown in the inset of Fig. 
5.6 is nearly unity at 200 mV s
-1
, but decreases as the scan rate is decreased.  Thus, in a short 
window, the Sm
3+/2+
 reaction may follow the pathway indicated in Eq. 5-2, but over a longer 
period of time, Sm
2+




, explaining why it is not 
possible to prepare stable solutions of Sm
2+
.  The observation that it is not possible to produce a 




 which was also verified during the present investigation, indicates that 
any metallic samarium produced during this disproportionation reaction most likely reacts with 
the IL, i.e., Sm
0


















Figure 5.6 Cyclic staircase voltammograms of (a) 30 mM Eu
3+
, (b) 26 mM Yb
3+
, (c)  30 mM 
Sm
3+
, (d) 30 mM Eu
2+
, and (e) 10 mM Yb
2+
 (current × 3) in BuMePyroTf2N at 323 K. Inset: 
relationship between the peak current of Sm
3+













































5.3.4 Heterogeneous kinetics of the Eu3+/2+ and Yb3+/2+ redox reactions 
As reported in Chapter 4, determinations of the heterogeneous kinetics of redox reactions 
with transient techniques such as CSV in ILs, such as BuMe3NTf2N and BuMePyroTf2N, are 
complicated by the poor conductivity of these solvents.
168
  This leads to large values of the 
uncompensated solution resistance, R, which are difficult to mitigate with the positive feedback 
resistance compensation feature of most potentiostats.  However, EIS, which can probe redox 
reactions as a function of angular frequency, , provides a convenient method for separating R 
from the charge transfer resistance, Rct.  Figure 5.7 shows complex plane impedance plots 











.  In both cases, the data were 
analyzed with an equivalent circuit model based on the traditional Randles cell75 (Fig. 2.1 inset), 
except that in the case of the interfacial capacitance, better results were obtained by substituting a 
constant phase element Qd
169 for the pure capacitance that is sometimes used in this circuit model.  
The resulting values of Rct, RΩ, and Qd were used to generate the solid lines in Fig. 5.7.  These 
lines show that this model provides a reasonably good representation of the experimental data.  
The estimates of k
0
 that were calculated from Rct and C
*
 by using Eq. 2-6 are given in Table 5.2.  
Because this is a developing area of study, there is not much data about the heterogeneous 
kinetics of lanthanide solutes in ionic liquids for comparison purposes.  However, an estimate of 
k
0
 for the Eu
3+/2+
 reaction that was measured with cyclic voltammetry
43
 was about one order of 
magnitude smaller than found during this investigation with EIS (Table 5.2).  The smaller value 
may well be an artifact arising from the uncompensated resistance that often affects such 







































Figure 5.7 Complex plane impedance plots recorded at a GC electrode in BuMePyroTf2N 
containing (a) 10 mM Eu
2+
 + 10 mM Eu
3+
, (b) 10 mM Yb
2+
 + 10 mM Yb
3+
.  The solid line is the 



















Table 5.2 Voltammetric data for Ln
3+/2+
 electrode reactions at 323 K 
 








           Eu
3+/2+
 0.24 + 0.1 0.41           6.2 x 10
-5
 
    0.28 
b,c

































5.3.5 Mass transport of lanthanide ions 
RDE voltammetric waves as a function of rotation rate for two solutions separately 
containing 30 mM Eu
3+
 and 32 mM Eu
2+
 in BuMePyroTf2N are shown in Fig. 5.8.  The limiting 
currents, il, for the reduction of Eu
3+
 and oxidation of Eu
2+
 scaled linearly with the square root of 
the electrode rotation rate according to the Levich Eq. 2-4.  These results indicate that these 
redox systems are under convective mass transport control in the potential region where the 




 were calculated from 
the slopes of these plots and found to be very close in value, 1.19 x 10
-7














and the resulting voltammograms are shown in Figs. 5.9 and 5.10.  As shown in these figures, the 
limiting currents for these ions also scale linearly with ω
1/2











 and found to be 
1.15 × 10
-7
, 1.24 × 10
-7






 at 323 K, respectively. 
The constant of the classic Stokes-Einstein equation 4-7 for the “perfect stick” model is 
equal to 6 as discussed in Chapter 4, in which radius of the diffusing ion is larger than the ionic 
components of the solvent.  Given that the spectroscopic data presented above suggest that the 
lanthanide ions are solvated by Tf2N
-
, this equation seems entirely applicable to the present 
situation.  Furthermore, it gives a method for comparing D for a given species with that collected 
at different temperatures and/or in media with different viscosities.  Estimates of D/T derived 
from the present investigation are summarized in Table 5.3 along with data derived from several 
literature articles.
47, 50, 51, 170
  When D/T was not given directly in the cited literature article, we 
used the published value of D and the best estimates of  that were available at the temperature 




























Figure 5.8 RDE voltammograms for (a) a 30 mM solution of Eu
3+
 and (b) a 32 mM solution of 
Eu
2+
 in BuMePyroTf2N at 323 K. The angular frequency of the electrode was: 105 (– –), 131 (– ∙ 
–), 157 (∙ ∙ ∙), 183 (– ∙ ∙ –), and 209 rad s
-1
 (—).      






















































Figure 5.9 RDE voltammograms for a 32 mM solution of Sm
3+
 in BuMePyroTf2N at 323 K. The 
angular frequency of the electrode was: 105 (– –), 131 (– ∙ –), 157 (∙ ∙ ∙), 183 (– ∙ ∙ –), and 209 rad 
s
-1
 (—).    
 
 

































Figure 5.10 RDE voltammograms for (a) a 30 mM solution of Yb
3+
 and (b) a 6.5 mM solution of 
Yb
2+
 in BuMePyroTf2N at 323 K. The angular frequency of the electrode was: 105 (– –), 131 (– ∙ 
–), 157 (∙ ∙ ∙), 183 (– ∙ ∙ –), and 209 rad s
-1
 (—).      
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b
 This work 
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c
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d
 47 
298  1.4 
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298  1.2 
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BuMePyroTf2N, RDE       
b
BuMe3NTf2N, RDE        
c
BuMePyroTf2N, CA         
d
BuMePyroTf2N, CP                 
e
EtMeImTf2N, CA         
f
EtMeImTf2N, CP              
g
EtMeImCl-AlCl3 (N = 0.667), RDE 
h
BuPyCl-AlCl3 (N = 0.65), CV            
i
BuPyCl-AlCl3 (N = 0.65), CA 
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5.3.6 Coordination of lanthanide ions by TODGA 
The coordination of trivalent lanthanide ions by the neutral ligand TODGA was probed 
by conducting amperometric titration experiments. In these experiments, the solution 
concentration of the ions of interest was monitored with CSV as known amounts of TODGA 







 and it is based on the linear relationship between the CSV 
reduction peak current and the solution concentration of the trivalent lanthanides at a constant 







 that were recorded at the same scan rate after the addition of 
various amounts of TODGA.  When TODGA was added to each solution, the reduction currents 
of these species decreased commensurately.  No waves for the resulting complexed ions could be 
observed within the potential window of the solvent.  Thus, the positive change in G associated 
with the formation of TODGA complexes shifts the lanthanide ion reduction potentials to 
substantially more negative values, indicating that the stability constant for such complexes must 
be quite large in the IL. 
The inset of each series of CSV waves in Fig. 5.11 shows a plot of the reduction peak 
currents for these ions versus the TODGA concentration.  The slopes of these plots give a direct 
measure of the stoichiometry of the complex formed between the trivalent ions and TODGA and 




; however, the 
somewhat smaller Yb
3+
 ion forms a 2:1 complex.  This result is somewhat different from that 









  In this case, all three ions, including the heavier, but smaller Lu
3+
 ion were 
found to form 3:1 complexes with TODGA.  By comparison, experiments involving the  
114 
 





























































































































Figure 5.11 Cyclic staircase voltammograms of (a) 20 mM Eu
3+
, (b) 22.6 mM Sm
3+
, (c) 26 mM 
Yb
3+ 
in BuMePyroTf2N added a function of TODGA concentration. Insets: Ln
3+
 reduction peak 

















 from aqueous HNO3 with TODGA in n-dodecane indicated 
the formation of 4:1 complexes.  Interestingly, we found that Eu
2+
 is also complexed by TODGA, 
but the electrochemical signature of the resulting complex can be observed within the solvent 
window, indicating that the TODGA complex exhibits only modest stability under the conditions 
of these experiments.  At this point, it is not clear whether the different results that were obtained 
in these investigations reflects the methods used for the measurements or reflects actual 
differences in the chemistry, e.g., effects associated with presence of aqueous ions or acidic 
species such as HNO3, which are not present in our experiments. 
 
5.3.7 Coordination of lanthanide ions by Cl- 










 in ionic liquids was probed by adding 
weighed portions of BuMePyroCl to individual solutions of these trivalent ions and observing 
the voltammetric signatures of the  resulting solutions with CSV. Examples of the 
voltammograms resulting from these experiments are given in Fig. 5.12.  Very similar results 
were observed for each solution of Ln
3+
 ions investigated herein.  Furthermore, these results 







following the addition of BuMePyroCl.
158, 159









, reaches ～3, the reduction peak currents for the Ln3+ ions greatly diminished, and 
the solutions became cloudy due to the formation of a finely divided white precipitates.  
Although we did not collect and analyze these precipitates, we infer from previous work with 
Ce
3+
 that they are the trivalent chloride compounds, LnCl3.
158




 is increased to 
about 4.5 by the addition of more BuMePyroCl, most of the precipitate redissolves, the original 
waves for the Ln
3+/2+
 reaction found in the neat IL disappears, and new, poorly defined  
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Figure 5.12 Cyclic staircase voltammograms at a Pt electrode in BuMePyroTf2N containing: (1) 
30 mM Ln
3+
, (2) 30 mM Ln
3+






 = 3), (3) 30 mM Ln
3+







 = 6), and (4) 30 mM Ln
3+





















 > 6, a new 
oxidation wave at Ep
a 
= 0.75 V, corresponding to the quasireversible oxidation of Cl
-
 that is not 
coordinately bound to Ln
3+
 can be seen in each solution. 
In order to further explore the coordination of trivalent lanthanides in solutions 
containing excess Cl
-
, we carried out experiments in which Ln
3+
 was added coulometrically to 
BuMePyroTf2N solutions containing large, fixed amounts of BuMePyroCl.  Figure 5.13 shows 
the voltammograms recorded during these experiments.  As demonstrated previously, the Cl
-
 
oxidation current in these ionic liquids varies linearly with the Cl
-
 concentration over the 
concentration range typically employed during these experiments.
158
  A plot of the chloride 
concentration versus the Ln
3+
 concentration resulting from these experiments is given in the inset 
of each series of voltammograms in Fig. 5.13.  In every case, the slopes of these plots are ～ 6, 
indicating that Cl
-
 coordinates with the trivalent lanthanides in this IL to form [LnCl6]
3-
 ions. 















 are shown in Fig. 5.14.  
The spectrum of Sm
3+




), which is in 
close agreement with the spectrum reported for the octahedral chloride complex, [SmCl6]
3-
, in 






  Similarly, Eu
3+
 exhibits three 













), which compare favorably with the classical spectrum of [EuCl6]
3-
 in CH3CN 










  (Note: the band 
we found at 226 nm is not reported in the literature and may appear below the UV-cutoff of 
CH3CN saturated with Et4NCl.)  Finally, Yb
3+





215 nm); the first is in good agreement with that reported for [YbCl6]
3-
 in CH3CN saturated with 
120 
 






 As is the case for the literature spectrum of [EuCl6]
3-
, the 
band we found at higher energy in the spectrum of Yb
3+
 is not reported in the literature, probably 
because it appears below the UV-cut off of the solvent.  Thus, these results, when taken together 
with the titration experiments clearly indicate that the octahedral [LnCl6]
3-
 complexes are the 
limiting species in chloride-rich BuMePyroCl. 
Although largely obscured by the large Cl
-
 oxidation wave in each of the voltammograms 
in Fig. 5.12, the small poorly defined oxidation waves that are apparent at potentials more 
positive than the Cl
-




 > 6, e.g., the wave at 1.25 V in Fig. 5.12, 
scale linearly with the lanthanide concentration.  Unfortunately, none of these waves exhibits a 
reverse current.  A reasonable assumption is that these waves arise from oxidation of the 
respective [LnCl6]
3-
 complex.  However, in agreement with the observed chemistry of these 
particular lanthanides, the product of this reaction, which might be expected to be a tetravalent 
species such as [LnCl6]
2-
, exhibits virtually no stability on the voltammetric time scale.  In 
addition, the [LnCl6]
3-/2-
 reduction reaction is not evident before the negative limit of the ionic 
liquid.  Thus, like the stability afforded to Ln
3+
 by coordination with TODGA, coordination by 
chloride significantly stabilizes the Ln
3+































































































Slope = -5.90 
















Figure 5.13 Cyclic staircase voltammograms at a Pt electrode in a 180 mM solution of chloride 
in BuMePyroTf2N as a function of the Ln
3+







































































Figure 5.14 Electronic absorption spectra of [LnCl6]
3-





 (– ∙ ∙ –), [YbCl6]
3-






 SUMMARY AND CONCLUSIONS 
 
As presented in Chapter 3, the densities, viscosities, ionic conductivities, and surface 
tensions of the BuMeImTf2N, BuMe3NTf2N, BuMePyroTf2N, BuPyTf2N, and EtMeImTf2N 
ionic liquids were measured as a function of temperature over the range from 298 to 353 K.  
Surface tension data were also obtained for Bu3MeNTf2N.  The viscosities varied in the order 
Bu3MeNTf2N > BuMePyroTf2N > BuMe3NTf2N > BuPyTf2N > BuMeImTf2N > EtMeImTf2N.   
Not surprisingly, the conductivity varied in the reverse order with EtMeImTf2N exhibited the 
highest values.  Although there were a few significant differences, on the whole, the physical and 




The Walden products of these ionic liquids were close to but slightly below the ideal line, 
indicating that all of them could be considered to be ionic liquids with high ionicity.  The surface 
tensions varied in the order EtMeImTf2N > BuPyTf2N > BuMePyroTf2N > BuMeImTf2N ～ 
BuMe3NTf2N > Bu3MeNTf2N.  The critical temperatures were estimated from the semiempirical 
Eötvös equation and indicated the following order for the volatilities, and hence, the boiling 




The oxidation of [Ru(bipy)3]
2+
 was examined in all of these ionic liquids as a function of 
temperature at a Pt-RDE.  The diffusion coefficients of this complex were calculated from the Pt-
RDE limiting currents and the kinematic viscosities at each temperature.  The hydrodynamic 
radius of this complex, as calculated from the diffusion coefficients by using the traditional 
Stokes-Einstein equation, was found to be independent of the ionic liquid and the temperature.   
Furthermore, this experimental radius was in reasonable agreement with estimates of the ionic 
radius, suggesting that [Ru(bipy)3]
2+
 is not associated or aggregated with the ionic liquid anions 
during the diffusion process. 
The results discussed in Chapter 4 showed that solutions of Fc in Tf2N
-
-based ionic 
liquids were stable provided that care was taken to avoid evaporation losses.  Our EIS results 
indicated that the Fc
+
/Fc reaction was clearly mass-transport controlled at frequencies up to 24 
kHz in all of the Tf2N
-
-based ionic liquids that were examined.  Previous results from other 
laboratories indicated quasireversible behavior for this reaction may had resulted from the 
formation of an adventitious electrode surface film that increased the charge-transfer resistance, 
which was hard to detect under most experimental conditions, but obvious in complex plane 
impedance plots.  In addition, the positive feedback electronic resistance compensation circuit 
commonly found in a popular commercial potentiostat was inadequate to effectively reduce all of 
the uncompensated resistance effects seen during CSV experiments at fast scan rates in highly 
viscous, poorly conductive ionic liquids.  The resulting substantial uncompensated resistance 
leaded to results that mimic quasireversibility. 
The RDEV limiting currents for the oxidation of Fc were found to be independent of its 
bulk concentration, confirming that DFc was independent of concentration.  When normalized for 
temperature, both DFc and DFc+ were independent of the viscosity of the Tf2N
-
-based ionic liquids, 
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as predicted by the classical Stokes-Einstein equation.  This relationship can accurately predict rs 
for diffusing solutes in ionic liquids provided that the data were of high quality, and the constant 
in the equation was modified appropriately.  For example, the constant took a value of 6 if the 
solute radius was appreciably larger than the radii of the constituent ions of the ionic liquid, such 
as found for [Ru(bipy)3]
2+
, but took a value of 4 when the solute was comparable in size to the 
ions of the ionic liquid as is the case for Fc and Fc
+
. 
           The electronic spectroscopic results discussed in Chapter 5 revealed that lanthanide 
solutes were weakly solvated by Tf2N
-
 anions in ionic liquids.  Heterogeneous rate constants 




 electrode reactions 
were quasireversible in BuMePyroTf2N, probably due to reorganization of the coordination 
sphere surrounding the redox center during charger transfer, suggesting that these reactions 
proceeded by an inner sphere mechanism with significant changes in coordination or solvation.  
The Stokes-Einstein products revealed that the hydrodynamic radii of these lanthanide species 
were much larger than their crystallographic ionic radii, verifying the formation of some 
association or complexation of these species with Tf2N
-
 anions. 
By observing the voltammetric reduction waves for lanthanide ions in the ionic liquids as 




, but a only 2:1 complex with Yb
3+
.  The addition of Cl
- 
to solutions of [Ln(Tf2N)p]
(p-3)- 








 > 3 these precipitates redissolved to form the octahedral chloride complexes, [LnCl6]
3-
. 
To conclude, during this investigation, we identified several candidate ionic liquids 
which might serve as solvents for electrochemical and spectroscopic studies and then measured 
their physical and transport properties.  Some of these Tf2N-based ionic liquids were found to 
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have relative low viscosities, good electric conductivities, wide electrochemical windows, and 
reasonably good ionicities.  We used these ionic liquids for two purposes: to examine the 
electrochemistry redox system, Fc
+
/Fc, and to probe the solvation and redox chemistry of some 
f-block elements by Tf2N
-
.  In the case of the Fc
+
/Fc system, we showed that contrary to the 
results of previous studies, this couple was diffusion controlled in these ILs, and we gave some 
reasons why previous investigations produced erroneous results.  Finally, by examining the 
electrochemistry and electronic spectroscopy of trivalent lanthanide ions dissolved in these ILs, 
we determined that these ions were only weakly solvated by Tf2N
-
 anions.  This result was 
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